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STUDY OF THE L13a RESIDUES REQUIRED FOR RIBOSOMAL FUNCTION 
PRIYANKA DAS 
ABSTRACT 
Ribosome biogenesis, a fundamental process, occurs in the nucleolus. It involves 
incorporation and association of ribosomal proteins (r-proteins) in the ribosomal subunit. 
Despite its obligatory and critical role in cellular function, the explicit mechanism of 
incorporation of different r-proteins into the pre-ribosome is not well understood.  Using 
mammalian cell and r-protein L13a as our model, this study addresses the function and 
mechanism of r-protein incorporation during ribosome maturation. Published results from 
our laboratory showed the requirement of the release of L13a from the 60S ribosome to 
silence a cohort of inflammatory proteins directly at the level of translation thus showing 
the significant potential of this mechanism to resolve inflammation. To get further insight 
into the mechanism of its release, it is essential to identify the domain of L13a and the 
subcellular site required for ribosome incorporation. Homology modeling of human L13a 
with the crystal structure of prokaryotic L13, predicted some amino acid residues that 
could bind to ribosomal RNA (rRNA). Consistent with this model, a combined 
experimental approach involving ribosome incorporation assay of recombinant L13a and 
RNA immunoprecipitation have identified Arg at position 68 and Arg-Lys-Arg at 
position 59-60-61 as potential interaction site with 60S subunit. We have performed 
immunofluorescence studies to test whether the incorporation defective mutant L13a 
failed to translocate to the nucleolus, the site of ribosome biogenesis. L13a harboring the 
mutation of Arg at position 68 to Ala translocate to the nucleolus, but however alters the 
nucleolar morphology. In contrast L13a with the mutation of Arg-Lys-Arg at position 59-
ix 
 
60-61 to Ala-Ala-Ala is nucleolar translocation incompetent. These studies also identified 
that incorporation of L13a during ribosome biogenesis occurs at the stage of 90S pre-
ribosome formation. Previous studies from our laboratory showed an essential role of 
L13a in rRNA methylation. In these studies we identified L13a as an interacting partner 
of Fibrillarin containing C/D box snoRNP complex, thus showing a strong rationale of 
L13a as a rRNA methylation factor. Most importantly, these studies also showed that 
incorporation of L13a in the 60S subunit is restricted only during ribosome biogenesis 
and not after maturation.
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CHAPTER I 
INTRODUCTION 
1.1 Translation Control 
Translation of mRNA into protein is a fundamental activity of all living cells. 
Control of translation allows fine tuning and rapid control of protein levels. It is an 
important regulatory mechanism for post-transcriptional regulation. This offer a range of 
responses even in the presence of a constant amount of mRNA. Translational regulation 
is classified as global and transcript specific translational control. In global translational 
control the majority of transcripts are acted on in a non-specific manner. However, in 
transcript specific translational control cellular RNA binding proteins bind to the specific 
transcripts and inhibit protein synthesis.  
Previously our lab has shown that the treatment of cells with pro-inflammatory 
cytokine IFN-γ stimulates the expression of inflammatory Cp protein and mRNA(1) . 
However, the synthesis of the protein is arrested at about 16 hr post IFN-γ treatment due 
to translational repression(2). The suppression of translation requires assembly of GAIT 
(Gamma activated inhibitor of translation element) complex and subsequent binding to 
the cis-acting element (GAIT) present in the 3’ UTR of Cp mRNA(3). The GAIT 
2 
 
complex consists of four proteins namely glutamyl-prolyl-tRNA synthetase (Glu ProRS), 
NS-1associated protein-1 (NSAP-1), glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) and r-protein L13a. Treatment of IFN-γ induces phosphorylation and release 
of L13a from the 60S ribosomal subunit and the phosphorylated L13a assembles into the 
GAIT complex.  
Series of studies from our laboratory revealed the detailed molecular mechanism 
of L13a dependent translational silencing (4). These studies show that L13a as a part of 
3’ UTR bound GAIT complex binds eIF4G of the eIF4F translation initiation complex 
thus intercepting the recruitment of 43S pre-initiating complex and subsequent blockage 
in translation initiation (5). Our studies also showed that the ability of the L13a-
dependent GAIT complex to silence translation relies on the mRNA circularization (6). 
Subsequent studies from our laboratory had identified a cohort of mRNAs encoding 
inflammatory proteins as a target of L13a-dependent translational silencing mechanism 
(7). Together these studies showed the significant potential of L13a-dependent 
translational silencing mechanism as an endogenous mechanism for terminating 
inflammation. However, an essential step that dictates the translational silencing is the 
release of r-protein L13a from the 60S ribosome. Hence, to gain significant insight into 
the release mechanism, we need to explore the detailed mechanism of incorporation of 
this protein in a mature ribosome. Thus we will initiate our studies from the very first 
step i.e. identification of the L13a residue essential for ribosome incorporation. 
Subsequently we will follow the protein in the site of ribosome biogenesis i.e. the 
nucleolus. All of the results that will be described in this dissertation is a direct outcome 
of these initiatives. 
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1.2 General Concepts of Ribosome Biogenesis  
Biogenesis of ribosome is a complex intracellular process that utilizes both 
transcriptional and post-transcriptional mechanisms to synthesize a functional ribosome. 
Ribosome maturation that occurs in the sub-cellular compartment is an inherent step 
required for cell growth and function. It is one of the most fascinating yet highly co-
ordinated multi-step process that occurs in the nucleolus.  
Formation of the ribosome involves several auxiliary trans nucleolar biogenesis 
factors thereby involving a synchronized and spatial regulation of transcriptional and 
post-transcriptional mechanisms (8) (9). The eukaryotic ribosomes are comprised of four 
rRNAs which are synthesized by RNA pol I and RNA pol III respectively. These rRNAs 
include the 18S, 28S, 5.8S (transcribed by RNA pol I) and 5S rRNA (transcribed by RNA 
pol III) respectively. These rRNAs assemble with different r-proteins to produce the 
mature 40S and 60S ribosomal subunits respectively. The nucleolus that is the principle 
site for ribosome synthesis is subdivided into three compartments which are called 
Fibrillar Center (FC), Dense Fibrillar Component (DFC) and Granular Component (GC) 
respectively (10). The border that expands along the FC and DFC region of the nucleolus 
is responsible for the transcription of rDNA that produces the nascent 47S transcript (11). 
Ribosomal DNA transcription by RNA pol I activity is regulated by different factors that 
include chromatin remodeling, transcription factor activation for regulating the synthesis 
of ribosome in a spatio-temporal fashion (12). The regions that constitute the rDNA 
repeats comprises of the nucleolar-organizer regions. These tandem repeats of rDNA 
forms the basis for the nucleolar structural configuration required for its association with 
other processing and assembly factors (11).  
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However, the exact location that corresponds to rDNA transcription remains 
disputable. Synthesis of the rRNA is a highly active process and constitutes a large 
fraction of the total RNA in a cell (13). Although the integrity and structural existence of 
the nucleoli depends on the rDNA transcription, almost half of the rDNA gene is silenced 
and is not transcribed by Pol I transcription machinery. In Hela cells, less than half of the 
rDNA genes are active (14). The 47S pre-rRNA consists of the mature 18S, 5.8S and 28S 
rRNA that is flanked by 5’ and 3’ external transcribed spacer (ETS) and internal 
transcribed spacer (ITS) regions respectively (non-functional coding RNA sequence) 
(15). The 47S transcript is post-transcriptionally modified in several steps to mature 
rRNAs. Simultaneous cleavages of the pre-rRNA eliminate the nascent sequences 
producing the first cleaved product of 46S rRNA (15). The 46S rRNA is further subjected 
to endo and exoribonuclease mediated cleavages. The precursor rRNA is also subjected 
to nucleotide modification. The premature rRNA undergoes pseudouridylation that leads 
to the isomerization of the uridine to pseudouridine. The transcript also undergoes 
methylation at the 2’ hydroxyl group of the ribose moiety (16). The successively 
maturing transcript associates with r-proteins and other non-ribosomal assembly factors. 
The maturing rRNA transcript does not randomly travel within the nucleolus. Rather the 
transcripts follow a “radial flow” track that emerges from the FC region of the nucleolus 
to the nucleolar periphery (17). The association of rRNA with the nucleolar 
ribonucleoprotein (RNP) complexes occurs in the DFC region thereby forming the 90S 
pre-RNP complex. The 90S precursor particle cleaves into pre-40S and pre-60S 
ribosomal particles in the GC region of the nucleolus (18). These pre-ribosomal particles 
undergo successive modifications in the GC compartment and nucleoplasm before 
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transporting through the nuclear pore. The final maturation stages that transform the 
premature ribosome into mature ribosomal subunits occur in the cytoplasm (19).  
Since functional ribosome is a protein synthesizing machinery, published results show 
increased ribosome generation associated with several pathological disorders. Previous 
results demonstrate that increased ribosome synthesis could lead to tumor progression. 
On the other hand, there are reports which showed that mutation in the ribosome 
biogenesis genes can cause lethality and or leukemia (20) and breast cancer  (21). Thus 
ribosome biogenesis is an extremely essential cellular process which necessitates the 
study of the individual steps that produces a mature ribosome (21).  
A brief outline of information which gives a perception about ribosome synthesis 
and maturation has been discussed above. However, we would also like to present a brief 
idea about the cell specific pathways that govern a high turnover of the ribosome since a 
balanced and co-ordinated supply of ribosome is essential because ribosome constitutes 
the translation machinery. Conditions that favor increased ribosome synthesis to maintain 
cell survival, thereby increases the possibility of subjecting the excess ribosome to high 
turnover rate under altered environmental conditions. During scarcity of nutrients, cells 
utilize autophagy which is an intracellular catabolic process that facilitates the 
degradation of cell’s inherent components utilizing the lysosomal machinery to maintain 
a balance between the rates of synthesis and degradation of the cellular products. It has 
been only recently discovered where cells specifically degrade ribosome through 
“ribophagy” which involves two specific proteins that have been selectively utilized for 
degrading ribosomes through autophagy (22). The names of the two proteins are 
Ubiquitin-specific protease 3 and Ubp3-associated cofactor, Bre5 that functions as a 
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signal for engulfing the ribosomal subunits through autophagy. Study of ribophagy is 
essential since it might actively participate in eradicating any surplus ribosome from the 
cell and maintain the required number for protein translation and, therefore, this 
fascinating intracellular process might also be responsible for removing any misfolded 
and or dysfunctional ribosome from the cell to prevent any deleterious consequences. In 
the present study, we will further elaborate on the processes of ribosome biogenesis 
since, inspite of being an essential cellular process, research pertaining to ribosome 
synthesis mostly involved processing of rRNA and the role of assembly factors in the 
pre-ribosomes. However, the mechanism of the association of r-proteins into the pre-
ribosome remains under-explored. Our model study that utilizes r-protein L13a will 
constitute a detailed study about the above mechanism. 
Ribosome protein (RP) genes rRNA genes Ribosome biosynthesis (RB) 
genes
RP genes 47S 5S RB genes
Transcription Transcription
Translation Processing Processing & 
Translation
Assembly and maturation of 
Ribosome
40S
60S
 
Figure 1.  Biosynthesis and maturation of ribosome requires the organized regulation of three gene networks. The 
genes that encode the r‐proteins and rRNA are transcribed, translated and processed to produce mature r‐proteins 
and rRNA respectively. A third group of gene is also actively processed producing non‐ribosomal trans factors 
required for ribosome assembly. The biochemical association of r‐proteins, rRNA and the non‐ribosomal auxilliary 
factors produce the mature ribosomal subunits. Fig 1 adapted from:  mmcalear.faculty.wesleyan.edu/files/2011/02/fig1.png 
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Figure 2.Ribosome biogenesis is a multi‐step coordinated cellular process. During ribosome maturation, the initial 
stage involves transcription of 47S rDNA. Thereafter, the precursor transcript is successively cleaved to eliminate the 
nascent non‐functional sequences and is also subjected to nucleotide modification by C/D box and H/ACA box snoRNP 
complexes in the 90S pre‐ribosome. Sequentially cleaved and processed rRNA associates with r‐proteins during the 
process of cleavage of the 90S to generate the 43S and 66S pre‐ribosomal subunits respectively. The end products of 
the processed precursor transcript produces the mature 28S, 18S and 5.8S rRNA respectively. The mature transcripts 
unite with ribosomal proteins to produce the mature 40S and 60S ribosomal subunit respectively. Fig 2 adapted from 
http://bzh.db‐engine.de/default.asp?lfn=2241&fg=3888&fgItem=3890. 
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Figure 3. Processing and assembly of pre‐rRNA transcripts occur in the nucleolus. The premature 47S rRNA that 
contains the 18S, 28S and 5.8S mature sequences flanked by transcribed spacers undergo processing. The transcript is 
subjected to successive cleavages b by endo and exoribonucleases. Sequential cleavages produce 20S and 32S rRNA 
respectively. Both 20S and 32S rRNA are finally cleaved to produce the mature 18S, 28S and 5.8S rRNA respectively. 
The rRNA associates with r‐proteins and is translocated from the nucleus into the cytoplasm to produce the mature 
40S and 60S ribosomal subunits respectively. Fig 3 adapted from http://insp.tistory.com/128 
 
1.2.1 Nucleolar morphology and functions 
Nucleoli were one of the initial structures of the eukaryotic cell nuclei that were 
identified and its functions were individually delineated. It has been considered as a 
multi-functional domain that consists of some 700 diverse proteins (8). These proteins 
actively participate in cardinal cellular processes such as ribosome synthesis, regulation 
of apoptosis (23) and cell cycle (24). The nucleolus is basically the hub of several 
essential intracellular processes that regulates cell growth and survival. Inspite of the lack 
of separating nuclear membrane, the nucleoli is highly compartmentalized. The 
compartmentalization might have occurred to perform its diverse functions in an 
organized fashion. The nucleolar compartments regulate rDNA transcription and rRNA 
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processing, the fundamental steps of ribosome biogenesis. It also links up the 
transcription products with specific r-proteins imported from the cytoplasm to assemble 
into the pre-ribosomes. Size, shape and structural details of the nucleoli depend on the 
cell’s demand for ribosome. Nevertheless, the nucleolus is composed of the three main 
domains that function to facilitate ribosome biogenesis.  
The boundary along the FC and DFC region of the nucleolus mediates rDNA 
transcription. The number and size of the FCs per nucleolus differs and balances with the 
activity of ribosome production. Cells with fewer functions consist of one nucleolus with 
a single FC. On the contrary, cells which are highly active might consist of several 
nucleoli that contain numerous FCs (10). The DFC is responsible for the formation of the 
90S precursor ribosome and rRNA processing. It surrounds the FC and forms a network 
of very densely packed fibrils. In some cases, the DFC occupies a larger portion of the 
nucleolus with interspersed FCs. The quantity of the DFC is proportionate to the intensity 
of the nucleolar activity. The GC is the last sub-nucleolar compartment which actively 
participates in further maturation of the pre-ribosomal subunits. The 90S nascent 
ribosome undergoes spontaneous cleavage modifications to produce the 43S and 66S pre-
ribosomal subunits in the GC compartment (13).  The GC region is composed of small 
granules that form a mass at the periphery of the nucleolus around the DFCs. It ends 
along the border of the surrounding nucleoplasm (25).  
Inside the nuclear subcompartments, there is a continous exchange of auxiliary 
biogenesis molecules that actively participates in ribosome maturation between the 
nucleolus and nucleoplasm inspite of any existing membranous components separating 
the two nuclear compartments (26). However, the integrity of the nuclear sub-domains 
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are still maintained thereby facilitating ribosome synthesis. After the completion of the 
assembly of the pre-ribosome in the nuclear subdivisions, these pre-ribosomal particles 
travel across the nuclear pore complex (NPC) to the cytoplasm to undergo the final stages 
of modifications. 
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Figure 4.  The nucleolus is the principle sub‐cellular compartment that actively participates in ribosome biogenesis. 
The 47S rDNA is transcribed in the FC of the nucleolus to produce the precursor transcript. The 47S rRNA unites with 
ribosomal and non‐ribosomal assembly factors in the DFC to produce the 90S pre‐ribosome. In the DFC region the 
transcript is cleaved by ribonucleases and is subjected to pseudouridylation and 2’ O ribose methylation mediated 
nucleotide modifications. The processed transcript further associates with r‐proteins to produce the 40S and 60S pre‐
ribosome particles in the GC region. The processed pre‐ribosomal particles traverse across the nucleopore in to the 
cytoplasm to produce the mature ribosomal subunits 
    
1.2.2 Functions of nucleolar proteins in ribosome maturation 
The nucleolus is the principle site responsible for the maturation of the ribosome. 
It harbors several compartment specific proteins that participate in ribosome synthesis. 
These nucleolar proteins are indispensible for ribosome biogenesis (27). One of them is 
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Nucleolin, which is one of the most abundant nucleolar proteins. Nucleolin participates in 
multiple stages of the highly interconnected process of ribosome formation.  Studies 
suggest that Nucleolin possesses a chaperone like activity that carries r-proteins from the 
cytoplasm to the nucleolus. Previous results have already shown that Nucleolin interacts 
with L13a. Further immunofluorescence studies revealed that Nucleolin is primarily 
localized in the GC region of the nucleolus. Studies pertaining to the Nucleolin structure 
show the presence of three distinct domains. The N-terminal domain consists of highly 
acidic regions with intermittent basic residues and phosphorylation sites. There are four 
RNA binding domains in the central domain. Glycine, Arginine and Phenylalanine are 
very rich in the C-terminal domain. This domain is referred to as the GAR domain (28). 
All the three structural domains present in the Nucleolin protein actively functions 
in ribosome maturation facilitating the biogenesis of functional ribosome. Nucleolin 
transiently interactes with rRNA, but fails to associate with mature ribosomal subunit in 
the cytoplasm and is not detectable in mature ribosomes. Its functions include regulation 
of chromatin structure, rDNA transcription, ribosome assembly and nucleo-cytoplasmic 
transport (29). The C-terminal domain of Nucleolin which is referred to as p50 is 
responsible for interacting with 10 other core r-proteins (30) (31). The r-proteins that 
interact with Nucleolin during nucleo-cytoplasmic transport remains tightly 
interconnected with rRNA. These proteins are among the initial proteins that assemble 
within the pre-ribosomal particles. The absence of Nucleolin in mature ribosome in the 
cytoplasm, provides substantial evidence that Nucleolin dissociates from the ribosomal 
complex during its assembly and or during the processing of pre-ribosomal particles. 
Therefore, Nucleolin serves as an adaptor for the association of diverse biogenesis factors 
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that are essential for the pre-ribosome assembly by facilitating close interaction of rRNA 
and r-proteins. Since Nucleolin interacts with L13a, we can monitor the passage of the 
latter from the cytoplasm in to the nucleus. The study will help us analyze if and whether 
L13a incorporates into pre-ribosomes during maturation in the sub-nucleolar 
compartments. 
N - Terminal Central Domain C - Terminal
Basic Stretches
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N Glycosylation
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Figure 5.  A schematic representation of the structure of the nucleolar protein Nucleolin.  Fig 5 adapted from 
http://www.springerimages.com/Images/RSS/1‐10.1007_978‐1‐4614‐0514‐6_9‐0. 
  
Due to its crucial role in ribosome formation, another essential nucleolar protein 
that has been identified to participate in ribosome biogenesis is Fibrillarin. Fibrillarin is 
primarily localized in the DFC region of the nucleolus. It is a core protein of the Box C/D 
snoRNP complex and is highly conserved (32). In humans, Fibrillarin mainly associates 
with U3, U8, and U13 snoRNP complexes. However, the Fibrillarin is extensively 
conserved in sequence, structure and function in the eukaryotic kingdom. It consists of an 
N-terminal domain that mainly comprises of glycine and arginine rich residues and is 
again referred to as the GAR domain (33). A central domain that consists of 
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approximately 90 amino acids resembles an RNA binding domain. The C-terminus 
comprises of a small domain that might form alpha helices. Its primary function involves 
active participation in the processing and modification of pre-rRNA. Fibrillarin functions 
like a methyltransferase enzyme. It utilizes the methyl donor S-adenosyl-L-methionine 
and thereby catalyzes methylation of ribose moieties in pre-rRNAs. Previous published 
results by our group showed abrogation of rRNA methylation in L13a depleted cells (34).  
In conjunction with the above experimental evidence, we hypothesize that L13a and 
Fibrillarin might interact. Since Fibrillarin localizes in the DFC region of the nucleolus 
(35) (36), co-localization studies of Fibrillarin and L13a will also help us analyze if L13a 
travels to the DFC compartment of the nucleolus. If L13a localizes to the DFC region, it 
will provide strong rationale that would favor the active involvement of L13a in the 
rRNA processing steps of pre-ribosome assembly.   
 1.2.3 Formation of the 90S precursor ribosome 
The packaging and processing of rRNAs into ribosomal particles occur in the 
nucleolus. The premature rRNA constitutes of a 47S precursor RNA which undergoes 
processing to produce 18S, 5.8S, and 28S rRNAs respectively (37). The maturation of 
rRNA is a complex process and the initial stages of processing primarily occurs in the 
90S precursor ribosome (38). Packaging of the rRNA into RNP complexes occur 
concomitantly with other assembly factors that associate transiently with the 90S pre-
ribosome.  The latter includes endo- and exo-nucleases which cleave the nascent 
premature rRNA. Two types of rRNA modifications e.g. pseudouridylation and 
methylation takes place in the 90S pre-ribosome by two classes of modification enzymes 
such as pseudouridine synthase and methyl transferase. The 90S RNP complex also 
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constitutes of enzymes such as helicases that indirectly functions in ribosome assembly 
(39). The 90S pre-ribosome is eventually cleaved to produce the 66S and 43S pre-
ribosomal subunits (40).  These pre-ribosomal subunits are precursors to the mature 60S 
and 40S ribosomes, respectively. Association and dissociation of intra-nuclear and 
nucleo-cytoplasmic protein complexes with the 90S and other pre-ribosomal complexes 
lead to the exit of the ribosome through the nuclear pore in yeast (41) (42) (43). 
Surprisingly enough, the putative 90S pre-ribosome contains fewer of the identified pre-
60S components (44).  
It has been reported in yeast, that several pre-60S factors accumulate in the GC 
region of the nucleolus. Also further studies in yeast showed that several 40S r-proteins 
that were recovered in the 90S subunit were much higher in comparison to the 60S r-
proteins. Hence, ribosome synthesis machinery is biphasic in yeast, with the interaction 
of mostly 40S synthesizing components with the 90S precursor particle (45). In 
comparison to yeast model system, studies on the synthesis of ribosome in mammalian 
cells are far behind. However, a major number of factors that have substantial roles in 
yeast ribosome synthesis are conserved in human. This will lead to an easier functional 
analysis of the human ribosome maturation. Following the previously established 
techniques, we will analyze here if and whether L13a associates with 90S pre-ribosome 
in the DFC region of nucleolus.  
1.2.4 Structure and function of snoRNP complex 
Diverse classes of RNP complexes act as guides initiating the maturation and 
modification of the premature rRNA transcript. There are two major classes of snoRNAs. 
One of them is referred to as the H/ACA box and the other one is known as the C/D Box 
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snoRNA family (46) (47) . The members of the latter family constitute the short sequence 
of elements RUGAUGA (box C) and CUGA (Box D) located near the 5’ and 3’ ends 
respectively (48). Short sequences of usually 5 nucleotides situated upstream and 
downstream of the C and D boxes respectively are base complementary and forms a stem 
box structure bringing the above motifs in close proximity to each other.  The Box C/D 
snoRNA class is hypermethylated where the C/D box itself acts as a cis-acting element 
for the hypermethylation. This hypermethylation leads to post-transcriptional 
modification of the m7G cap of the newly synthesized snoRNA to produce 2-2-7 
trimethyl guanosine (m3G) cap (49). The m3G cap occurs due to the addition of the two 
extra methyl groups to the guanine base. The hypermethylation of the m7G cap of the 
snoRNA family members is essential and hence delineates the members of the snoRNA 
family from the cellular mRNA. The C/D Box snoRNAs remains associated with 
Fibrillarin which mediates 2’ O Ribose methylation (50).  
The methylation leads to a nucleoside modification of the rRNA where a methyl 
group has been added to the 2’ hydroxyl group of the ribose moiety of the nucleoside 
(51). 2’O methylated residues normally occur in the functionally essential regions of the 
ribosomes and is one of the steps involved in rRNA processing during ribosome 
maturation. C/D Box class of snoRNP complex contains a 9-20 nucleotide long sequence 
which is complementary to a region in the target rRNA (52). Any mismatch in this 
complementary region strongly inhibits its above function. The snoRNA sequence that is 
complementary to the target rRNA is situated immediately upstream of the Box D. 
Interestingly, although a stretch of 9-20 complementary nucleotide sequence is essential 
for rRNA methylation, however, the nucleotide in rRNA which is complementary to the 
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fifth nucleotide from Box D is only and always subjected to modification. Examples of 
C/D Box snoRNP complexes include U3, U8, (53) U13, (54) U14, (55) and U22 (56) that 
are involved in the processing of rRNA.  
Following the completion of the 2’ O-Ribose methylation, the snoRNP complexes 
are eventually removed in a temporal fashion to proceed to the next stage of ribosome 
biogenesis (54). Interesting results from our lab have shown the need of L13a in pre-
rRNA methylation. L13a depleted monocytic cells were metabolically labeled with a 
short pulse of [3 H] methyl methionine. The methylation of the 47S pre-rRNA was 
significantly diminished (34). Previous studies by others had identified Fibrillarin as a 
component of the snoRNP complex and essential for methylation of pre-rRNA. Results 
emerged from these studies encouraged us to test whether L13a is also an integral 
component of the snoRNP complex and its role in rRNA methylation of the 90S pre-
ribosome in the DFC region. We believe results from the above studies will uncover 
significant insights regarding the contributions of L13a during ribosome synthesis and 
pave the way of future studies regarding the role of other r-proteins using mammalian cell 
models. These studies will help us analyze the functional significance of the presence of 
L13a in the nucleolus during ribosome synthesis. 
Although research pertaining to ribosome maturation in eukaryotic species is 
available per se and has been to a certain extent mentioned in this dissertation, we would 
also like to provide a brief overview of this focal intracellular process in E. coli, the 
prokaryotic species. The bacterial prokaryotic system has served as the platform of 
molecular biology that has been utilized to study the important facets of the mechanisms 
and principles that constitute several intricate biological processes. Thus, a comparative 
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study of the fundamental cellular processes which governs cell growth in prokaryotic and 
eukaryotic species is essential to get a complete overview of the intracellular process, e.g. 
ribosome biogenesis to trace the evolution.  
To begin with, prokaryotic ribosome comprises of two subunits, the 30S and 50S 
ribosomal subunits that sediment as the 70S particle. The 70S ribosomal particle consists 
of around two-third rRNA and one-third protein. The small ribosomal subunit consists of 
16S rRNA and about 21 r-proteins and the large subunit consists of 23S rRNA and 5S 
rRNA and around 33 proteins respectively. The synthesis of the ribosome begins when 
16S, 23S rRNA and 5S rRNA are transcribed as one whole precursor transcript by RNA 
Pol I (57, 58). The precursor transcript maturation occurs even before the process of 
transcription is terminated, leading to the generation of secondary structures and the 
association of r-proteins with the binding sites on the rRNA transcript. Mature rRNA 
species are formed after the precursor transcripts are subjected to endoribonucleolytic 
cleavage where the first cleavage is mediated by RNase III, thereby separating the mature 
16S and 23S rRNA sequences, which follow after successive processing reactions with 
the diverse RNase enzymes.  
Along with the process of cleavage processing, the precursor rRNA transcripts are 
also subjected to nucleotide modification. The bases and the ribose sugars are subjected 
to diverse modifications, which include pseudouridylation, methylation and several other 
rRNA modifications such as addition of carbonyl, amino and or thiol groups that are 
required for fine tuning of the rRNA folding, a pre-requisite for associating with the r-
proteins. To form a mature, functionally active ribosomal subunit, the rRNA interacts 
with several chaperones that facilitate the de novo folding of ribosome in a post-
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translational procedure and also trigger the association of the rRNA with the r-proteins 
where the binding of the two is cooperative and ordered with the binding of early r-
proteins paving way for the association of the late proteins (59). The assembly of the r-
proteins occurs along the 5’ to 3’ polarity, thereby concluding a co-transcriptional 
binding that facilitates ribosomal subunit assembly and maturation. This is a nutshell 
overview of the prokaryotic biogenesis of ribosome.
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CHAPTER II 
MATERIALS AND METHODS 
2.1 Cells and Reagents 
HEK 293T and U937 monocytic cells were grown in DMEM and RPMI-1640 
medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. They were grown in 5% CO2 atmosphere at 37οC in the incubator. The Sf9 
cells were grown in Sf-900 II SFM medium supplemented with L-glutamine at 27οC in a 
non-humidified and ambient air controlled incubator on an orbital shaker rotating at 125-
150rpm. 
The pFLAG-CMV5a vector required for producing Flag-tagged protein was 
purchased from Sigma-Aldrich Corp. The pFastBacTM HTA vector for producing His-
tagged protein was supplied with the Bac-to-Bac®Baculovirus Expression System 
purchased from Invitrogen Corp. The pcDNA3.1 V5-HisA vector that was also used for 
producing His-tagged protein was a gift from Dr. Jaharul Haque, Cleveland Clinic 
Foundation. The pcDNA3.1-HA vector for producing HA-tagged protein was purchased 
from Invitrogen Corp. The antibodies required for different experimental purposes were 
purchased from different commercial sources. Anti-Flag, Anti-His and Anti-HA 
antibodies were purchased from Sigma-Aldrich Corp, EMD Chemicals Inc. and 
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Invitrogen Corp respectively. Anti-Nucleolin and anti-Fibrillarin antibodies were 
obtained from AbCam. Antibody m7 G Cap was a gift from Dr. Jonatha Got, Case 
Western Reserve University and m3 G Cap was purchased from Sy Sy Inc., Germany. 
The L13a siRNA was purchased from Dharmacon. The 3H Methyl Methionine and S35 
methionine were purchased from Amersham Biosciences. The anti-Flag conjugated beads 
were purchased from Sigma-Aldrich Corp. Reverse Transcription (RT) were performed 
with Superscript II Reverse Transcriptase, purchased from Invitrogen Corp. The 
proteosome inhibitor, Lactacystin was obtained from EMD Chemicals Inc. Site-directed 
Mutagenesis of the Flag-tagged L13a was performed using Quick Change XL Site-
directed Mutagenesis Kit, Agilent Technologies, Inc., following the manufacturer’s 
instructions. Nuclection of the plasmids expressing Flag tagged L13a and its mutant 
variants were performed using the Nucleofection kit, Lonza Group Ltd following their 
revised protocol.  
2.2 Ribosome Incorporation Assay 
Human L13a cDNA was cloned in the pFLAG-CMV5a vector. HEK 293T cells 
were transfected with the plasmid expressing Flag-tagged version of Wild Type (WT) 
and or different mutants of L13a. Following overnight transfection, the cells were lysed 
using RIPA lysis buffer (150mM sodium chloride, 1% NP-40, 0.1% SDS, 50mM Tris pH 
8.0, protease and phosphatase inhibitor cocktail mix respectively). The cell lysate was 
subjected to sucrose density gradient centrifugation using 10 to 50% sucrose. Twelve 
fractions corresponding to 40S, 60S, 80S and polyribosomes from top to bottom were 
collected by injecting 60% sucrose solution from bottom. Fractions were then subjected 
to continuous UV monitoring at 254nm. Total protein from all the fractions were TCA 
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precipitated. The TCA precipitate was subjected to SDS-PAGE followed by immunoblot 
analysis with anti-Flag antibody.  
2.3 Protein Turnover Assay 
HEK 293T cells were transfected with plasmid expressing Flag-tagged WT and 
mutant L13a. Two sets of cells were used for experimental purpose. The cells were 
transfected in the presence and absence of Lactacystin, a proteosomal inhibitor. 
Following overnight incubation with Lactacystin, the cells were lysed with RIPA lysis 
buffer and the lysate was subjected to SDS-PAGE followed by immunoblot analysis with 
anti-Flag antibody. 
2.4 In vivo Binding of L13a and 28S rRNA 
HEK 293T cells were transfected with plasmids expressing WT and mutant Flag-
tagged L13a proteins respectively. The transfected cell lysates were immunoprecipitated 
with anti-Flag coated agarose beads. L13a bound total RNA present in the 
immunoprecipitate was extracted with Trizol. RT-PCR using 28S specific primers were 
used to detect the presence of 60S ribosomal subunit in the immunoprecipitate. The RNA 
samples were heated at 90οC for a min and then quick chilled on ice. RT was performed 
with random hexamer at 45οC for an hour using Superscript. The sequences of the 28S 
primers are 5’ GAAGTTTCCCTCAGGATAGCT 3’ (Forward) and 5’ 
GCAGGTGAGTTGTTACACACT 3’ (Reverse) respectively.   
2.5 Immunofluorescence Studies 
A549 cells were transfected with plasmids expressing WT and mutant HA-tagged 
L13a proteins. 24 hrs post-transfection, cells were fixed and then incubated with a 
monoclonal mouse antibody against the HA tag of the HA tagged versions of WT and 
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mutant L13a proteins and polyclonal rabbit antibodies against human Nucleolin and 
Fibrillarin proteins respectively. Following primary antibody incubation, cells were 
incubated with goat anti mouse antibody conjugated with green color (Alexafluor 488) 
that recognized the anti-HA primary antibody, thereby staining the HA tagged L13a and 
its mutants green and polyclonal goat anti-rabbit antibodies conjugated with red color 
(Alexafluor 594) that recognized the anti-Nucleolin and anti-Fibrillarin primary 
antibodies, thereby staining the endogenous Nucleolin and Fibrillarin red, respectively. 
Next, DAPI staining was performed to stain the nucleus. Cells were then imaged using a 
Nikon TE-2000-E inverted fluorescent microscope. Z- Stacks were obtained and 
deconvolution algorithm was used to process the image stacks. 
2.6 In Vivo Association of Nucleolin and Fibrillarin with L13a 
HEK 293T cells were transfected with the plasmids expressing WT and mutant 
Flag-tagged L13a proteins. Transfected cells were lysed using RIPA lysis buffer and the 
respective lysates were subjected to immunoprecipitation with anti-Flag coated beads. 
Total protein from the immunoprecipitate was subjected to SDS-PAGE followed by 
immunoblot analysis with anti-Nucleolin antibody. The blot was reprobed with anti-Flag 
antibody.  
To test the in vivo association of L13a with Fibrillarin, HEK 293T cells were 
transfected with the plasmids expressing WT Flag-tagged L13a. Transfected cells were 
lysed using RIPA lysis buffer and the respective lysates were subjected to 
immunoprecipitation with anti-Flag coated beads. Total protein from the 
immunoprecipitate was subjected to SDS-PAGE followed by immunoblot analysis with 
anti-Fibrillarin antibody. The blot was reprobed with anti-Flag antibody. To test the RNA 
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dependency of the association, a parallel set of transfected cell lysates were treated with 
RNaseA before immunoprecipitation with anti-Flag beads. 
2.7 Association of L13a with 90S Precursor Ribosome 
HEK 293T cells were transfected with the plasmids expressing WT and mutant 
Flag-tagged L13a proteins. Following overnight transfection, cells were lysed in 
hypotonic buffer (10mM Hepes pH 7.5, 10mM KCl, 10mM NaF, 1mM PMSF and 0.1% 
Igepal 630). Nuclei was collected by centrifugation at 1400g for 5 min and lysed in nuclei 
lysis buffer (50mM Tris-HCl pH 8, 150mM NaCl, 0.5% Igepal-CA 630 and 1mM 
PMSF). The nuclear extracts were resolved by centrifugation using 10-40% sucrose 
gradient. Fractions corresponding to pre-40S, pre-60S and 90S pre-ribosome were 
collected. Total protein from the respective fractions was extracted by TCA precipitation. 
The protein was subjected to SDS-PAGE followed with immunoblot analysis with anti-
Flag antibody. The authenticity of the 90S pre-ribosome was confirmed by RT-PCR 
amplification of the RNA isolated from the 90S fraction using primers specific for the 
5’ETS and 18S regions respectively. 5’ETS and 18S sequences are present in the 
unprocessed 47S rRNA, the precursor RNA that constitutes the 90S pre-ribosome. The 
sequences of the primers are 5’ ETS (forward):5’-GCGCACGTCCCGTGCTC-3’, 5’ 
ETS (reverse): 5’-GAGGGGGAAGCGGAGGAGG-3’, 18S (forward): 5’-
GCGCTGACCCCCTTCGC-3’ and 18S (reverse): 5’-CTCCCCGGGTCGGGAGTG-3’ 
respectively.  
2.8 In Vivo Association of L13a with Fibrillarin Containing snoRNP Complex 
Nuclear lysate was obtained from HEK 293T cells following the previous 
procedure. The lysate was immunoprecipitated with antibodies against m3G and m7G Cap 
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in order to pool down the snoRNA and cellular mRNA pools respectively. The 
immunoprecipitate was subjected to SDS-PAGE followed with immunoblot analysis with 
anti-Fibrillarin and anti-L13a antibodies respectively. In parallel, total RNA was isolated 
from an aliquot of the above immunoprecipitates and subjected to RT-PCR with primers 
specific to U15 snoRNA. The sequence of the U15 snoRNA primer is 5’ 
TCAGTGATGACACGATGACGAG 3’ (Forward) and 5’ 
TTCTCAGACAAATGCCTCTAAA 3’ (Reverse) respectively. 
As a complementary approach, to test the association of L13a with the Fibrillarin 
containing snoRNP complex, HEK 293T nuclear lysate was also immunoprecipitated 
with anti-L13a and anti-L28 antibodies respectively. The immunoprecipitates were 
subjected to immunoblot analysis with anti-Fibrillarin antibody. Total RNA isolated from 
an aliquot of the immunoprecipitates were subjected to RT-PCR with U15 snoRNA 
specific primer pair.  
2.9 Metabolic Labeling of Cells to Examine rRNA Methylation 
 WT, L13a siRNA and cycloleucine treated HEK293T cells were pre-incubated in 
methionine free DMEM medium for 30 mins followed by pulse labeling with 50 µCi 3H 
methyl methionine for an hour. Following the pulse, the cells were washed and nuclear 
extract was prepared using the previously described protocol. The nuclear lysate was 
subjected to 10-40% density sucrose gradient. The fractions corresponding to the pre-
40S, pre-60S and 90S pre-ribosome were collected. Radioactivity incorporated into the 
90S fractions was determined by scintillation counting. 
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2.10 In Vitro Binding of L13a and Purified 60S Ribosome 
To prepare purified 60S ribosomal subunit, WT and L13a depleted cells were 
lysed with breaking buffer ph 7.6 ( Tris 20 mM, KCl 50 mM, MgCl2 10mM, EDTA 
0.1mM, DTT 2mM, Heparin 1mg/ml, Inhibitor 1tab/ml). The lysate was centrifuged at 
14000g for 20 mins at 4οC. The supernatant prepared in the breaking buffer was 
centrifuged at 45000 rpm/18 hrs/4οC/50.2Ti in tubes half filled with 2M Sucrose. The 
pellet was resuspended in buffer 1 (Tris 20 mM, KCl 50 mM, MgCl2 4mM, DTT 2mM 
and sucrose 0.25M). To the resuspended pellet, 4M KCl was added to get a final 
concentration of 0.5M and centrifuged at 45000rpm/4.5hrs/4οC/50.2 Ti. The pellet was 
resuspended in buffer 2 (Tris 20 mM, KCl 50 mM, MgCl2 4mM and DTT 2mM).  
The resuspended pellet was centrifuged at 14000 rpm/10min/4οC. The supernatant 
was further diluted with buffer 2. To the diluted supernatant, 21 mM Puromycin was 
added to get a final concentration of 1 mM. The supernatant was further incubated for 10 
mins at 4οC and 37οC respectively. After incubation 4 mM KCl was added to get a final 
concentration of 0.5M, following which it was loaded on 5-25% sucrose gradient 
prepared on buffer 3 (Tris 20 mM, KCl 0.5 M, MgCl2 4mM and DTT 2mM). The 
fractions corresponding to the 60S was collected and to it was added buffer 2 and was 
loaded in centricons by 2 ml. It was centrifuged at 4000rpm for 5min/ml. The fraction 
was concentrated to 0.3 ml. To it was added buffer 1. The fraction was finally 
concentrated to 100 µl using the centricon. The O.D. calculated for the 60S fraction was 
around 100 o.u. Purified recombinant WT His-tagged L13a protein was already 
previously produced through E.coli expression system  (4). Recombinant His-tagged 
L13a protein was incubated with the purified 60S ribosome obtained from WT and L13a 
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depleted cells. The mixture was resolved by 5-25% sucrose gradient and the 60S fraction 
was identified by continuous UV monitoring. The 60S fraction was TCA precipitated and 
the total protein was subjected to immunoblot analysis with anti-His antibody.  
2.11 Translational Silencing Capability of Insect Cell Derived L13a Protein 
Recombinant WT and mutant His-tagged L13a was expressed from a His tagged 
plasmid using baculovirus infected Sf9 cell expression system. Empty vector was used as 
a control. The His-tagged recombinant WT and mutant L13a were purified using Ni-NTA 
Agarose column. The extent of purification was monitored by Coomassie blue staining 
and immunoblot with anti-His antibody. 
To study the translational silencing mediated by insect cell derived recombinant 
WT and mutant L13a proteins, chimeric RNA, Cap-Luc-GAIT-PolyA (200ng) was added 
to the rabbit reticulocyte lysate (RRL) in the presence of 20µM methionine-free amino 
acid, 40U RNasin, 20µCi translation grade S35 methionine to a final volume of 50 µl for 
an hour at 30οC. To the reaction, cRNA encoding T7 gene 10 was also added as a loading 
and specificity control. An aliquote was resolved using 10% polyacrylamide gel. The gel 
was fixed. It was dried and finally radiolabelled bands were detected by autoradiography.
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CHAPTER III 
RESULTS 
3.1 Study and Identification of the Loop Domain of Human L13a Essential for 
Ribosome Incorporation 
The prokaryotic homolog of mammalian L13a showed an extended loop and a His 
at position 80 of the L13 ORF. The His is positioned on the tip of the loop. Crystal 
structure of E.coli L13 represents a strong vanderwalls interaction of the His 80 at the tip 
of the L13 loop and G2642 of the 50S rRNA Fig (6A). Homology modeling of human 
L13a with the crystal structure of prokaryotic L13 showed the presence of an Arg at 
position 68 of the human L13a ORF. The Arg at position 68 might be a high specificity 
RNA binding candidate. This Arg is positioned at the tip of the loop and is similar to His 
80 of the prokaryotic L13 Fig (6B). The homolog of mammalian L13a in yeast is L16a.  
During the time this study has been conducted the crystal structure of yeast 
ribosome has not published and has been available only recently (60). We have also 
performed homology modeling of human L13a with the crystal structure of the yeast 
L16a which showed that the yeast counterpart also harbors an extended loop like 
structure with an Arg positioned at residue 68 at the tip of the loop which is closest to the 
60S rRNA Fig (6C). The extended loop domain of human L13a that has been predicted 
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by homology modeling expands from Lys at position 53 to Ala at position 75. Also, the 
web based server RNABindR uses a distance cutoff to predict the amino acids that are 
considered as highly probable candidates to contact RNA in solved complex structures 
from Protein Data Bank. This server also identified Arg at position 68 as a high 
specificity RNA binding candidate. It also predicted a second motif that expanded from 
Arg at position 169 to Gln at position 173 as RNA binding targets. According to the 
Kyte-Doolittle hydrophobicity map of L13a, both the domains that are expanding from 
53-75 and 169-173 are located in the hydrophobic region of the protein and highly basic 
in nature Fig (6D). 
 
 
 
Figure 6.  Bioinformatic prediction of the putative RNA binding residues of human L13a. (A) Crystal 
structure of E.coli L13. (B) Homology modeling of Human L13a on the basis of E. coli L13 represents a 
similar hairpin loop. (C) Homology modeling of Human L13a on the basis of S. cerevisiae L16a represents a 
similar loop structure. (D) Domain organization of human L13a showing the predicted loop by homology 
modeling and an additional motif expanding from Arg at position 169 to Gln at position 173 as putative 
candidates. 
B A 
C 
D 
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The Arg at position 68 of the L13a ORF has been predicted as a high specificity 
residue for association with rRNA by both homology modeling and RNABindR. We 
studied if the residue is universally conserved in the higher eukaryotic kingdom. Amino 
acid sequence alignment performed showed that the residue is conserved in mouse, rat, 
Figure 7.  Arg at position 68 is highly conserved in the higher eukaryotic kingdom. 
Mice             MAEG-----QVLVLDGRGHLLGRLAAIVAKQVLLGRKVVVVRCEGINISGNFYRNKLKYL 55 
Rat              MAEG-----QVLVLDGRSHLLGRLAAIVAKQVLLGRKVVVVRCEGINISGNFYRNKLKYL 55 
Bovine           MAEG-----QVLVLDGRGHLLGRLAAIVAKQVLLGRKVVVVRCEGINISGNFYRNKLKYL 55 
Orangutan        MAEV-----QVLVLDGRGHLLGRLAAIVAKQVLLGRKVVVVRCEGINISGNFYRNKLKYL 55 
Human            MAEV-----QVLVLDGRGHLLGRLAAIVAKQVLLGRKVVVVRCEGINISGNFYRNKLKYL 55 
Monkey           MAEV-----QVLVLDGRGHLLGRLAAIVAKQVLLGRKVVVVRCEGINISGNFYRNKLKYL 55 
Dog              MAEG-----QVLVLDGRGHLLGRLAAIVAKQVLLGRKVVVVRCEGINISGNFYRNKLNYL 55 
Pig              ---------QVLVLDGRGHLLGRLAAIVAKQVLLGRKVVVVRCEGINISGNFYRNKLKYL 51 
Arabidopsis      MVSGSGICAKRVVVDGRHHMLGRLASNTAKELLNGQEVVVVRCEEICLSGGLVRQKMKYM 60 
Fruitfly         MTGLTN---RTVVIDGRGHLLGRLASVVAKYLLQGGKVAVVRCEELNLSGHFYRNKIKFL 57 
Yeast            MSVEP-----VVVIDGKGHLVGRLASVVAKQLLNGQKIVVVRAEELNISGEFFRNKLKYH 55 
                            :*:**: *::****: .** :* * ::.***.* : :** : *:*:::  
Mice             AFLRKRMNTNPSRGPYHFRAPSRIFWRTVRGMLPHKTKRGQAALERLKVLDGIPPPYDKK 115 
Rat              AFLRKRMNTNPSRGPYHFRAPSRIFWRTVRGMLPHKTKRGQAALERLKVLDGIPPPYDKK 115 
Bovine           AFLRKRMNTNPSRGPYHFRAPSRIFWRTVRGMLPHKTKRGQAALERLKVFDGIPPPYDKK 115 
Orangutan        AFLRKRMNTSPSRGPYHFRAPSRIFWRTVRGMLPHKTKRGQAALDRLKVFDGIPPPYDKK 115 
Human            AFLRKRMNTNPSRGPYHFRAPSRIFWRTVRGMLPHKTKRGQAALDRLKVFDGIPPPYDKK 115 
Monkey           AFLRKRMNTNPSRGPYHFRAPSRIFWRTVRGMLPHKTKRGQAALDRLKVFDGIPPPYDKK 115 
Dog              AFLRKRMNTNPSRGPYDFRAPSRIFWRTVRGMLPHKTKRGQAALDRLKVFDGIPPPYDKK 115 
Pig              AFLRKRMNTNPSRGPYHFRAPSRIFWRTVRGMLPHKTKRGQAALDRLKVFDGIPPPYDKK 111 
Arabidopsis      RFLRKRMNTKPSHGPIHFRAPSKIFWRTVRGMIPHKTKRGAAALARLKVFEGIPPPYDKI 120 
Fruitfly         AYLRKRCNVNPARGPFHFRAPSRIFYKAVRGMIPHKTKRGQAALARLRVFDGIPSPYDKR 117 
Yeast            DFLRKATAFNKTRGPFHFRAPSRIFYKALRGMVSHKTARGKAALERLKVFEGIPPPYDKK 115 
                  :***    . ::** .*****:**::::***:.*** ** *** **:*::***.****  
Mice             KRMVVPAALKVVRLKPTRKFAYLGRLAHEVGWKYQAVTATLEEKRKEKAKMHYRKKKQIL 175 
Rat              KRMVVPAALKVVRLKPTRKFAYLGRLAHEVGWKYQAVTATLEEKRKEKAKIHYRKKKQLL 175 
Bovine           KRMVVPAALKVVRLKPTRKFAYLGRLAHEVGWKYQAVTATLEEKRKEKAKIHYRKKKQLM 175 
Orangutan        KRMVVPAALKVVRLKPTRKFAYLGRLAHEVGWKYQAVTATLEEKRKEKAKIHYRKKKQLV 175 
Human            KRMVVPAALKVVRLKPTRKFAYLGRLAHEVGWKYQAVTATLEEKRKEKAKIHYRKKKQLM 175 
Monkey           KRMVVPAALKVVRLKPTRKFAYLGRLAHEVGWKYQAVTTTLEEKRKEKAKIHYRKKKQLM 175 
Dog              KRMVVPAALKVVRLKPTRKFAYLGRLAHEVGWKYQAVTATLEEKRKEKAKIHYRKKKQLM 175 
Pig              KRMVVPAALKVVRLKLTGKFXYLGRL---------------------------------- 137 
Arabidopsis      KRMVIPDALKVLRLQSGHKYCLLGRLSSEVGWNHYDTIKELETKRKERSQVMYERKKQLN 180 
Fruitfly         RRVVVPIAMRVLTLRSDRKYCQVGRLSHEVGWHYQDVIKSLERKRKAKLRVTLKHNRELK 177 
Yeast            KRVVVPQALRVLRLKPGRKYTTLGKLSTSVGWKYEDVVAKLEAKRKVSSAEYYAKKRAFT 175 
                 :*:*:* *::*: *:   *:  :*:*                                   
Mice             RLRKQAEKNVEKKICKFTEVLKTNGLLV 203 
Rat              RLRKQAEKNVEKKICKFTEVLKTNGLLV 203 
Bovine           RLRKQAEKNIEKKIGKFTEVLKTHGFLV 203 
Orangutan        RLRKQAEKNVEKKIDKYTEVLKTHGLLV 203 
Human            RLRKQAEKNVEKKIDKYTEVLKTHGLLV 203 
Monkey           RLRKQAEKNVEKKIDKYTQVLKTHGLLV 203 
Dog              RLRKQAEKNVEKKIDKYTEVLKTHGLLV 203 
Pig              ---------------------------- 
Arabidopsis      KLRTKAEKVAEERLGSQLDVLAPVKY-- 206 
Fruitfly         KLTVKARENIAKAAEPFNKIIKSYGYEV 205 
Yeast            KKVASANATAAES--DVAKQLAALGY-- 199 
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bovine, human, orangutan, monkey, dog, pig, fruitfly and yeast. Also, the extended 
domain in human L13a that has been predicted by homology modeling is identical and is 
also conserved in the mouse, rat, bovine, human, orangutan, monkey and dog 
respectively.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  Identification of the L13a residues required for ribosome incorporation. HEK293T cells were transfected 
with the plasmid expressing FLAG tagged L13a and or its different mutants where mutations were created in the 
domains predicted by homology modeling and RNABindR respectively. Following overnight transfection, the cell 
lysates were subjected to density sucrose gradient on 10-50% sucrose. Fractions collected through continuous UV 
monitoring were TCA precipitated to concentrate the total protein. The total protein was subjected to immunoblot 
analysis with anti-FLAG antibody 
In silico analysis has identified two domains of human L13a harboring highly 
basic stretch of amino acids showing significant potential for binding to rRNA. For 
experimental validation of the results obtained from homology modeling and from the 
server RNABindR, we performed ribosome incorporation assay using the recombinant 
L13a harboring mutations in the predicted domains. Results showed that Flag tagged 
Arg-Lys169-172Ala-Ala
Arg-Lys-Lys169-170-171Ala-Ala-Ala
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Arg 59 Ala
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Arg-Arg 59-61 Ala-Ala
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31 
 
version of the WT L13a significantly incorporated in to the ribosome and was present in 
the translationally active polysomes. The amino acid residues Lys at 53, Arg-Lys-Arg at 
position 59-60-61, His at 72, Arg at 74 and Tyr at 54 were individually substituted with 
Ala and Gly respectively. All of the individual substitutions were ineffective and were 
competent for ribosome incorporation, thus showing that these residues may not have any 
role in ribosome incorporation activity of L13a, Fig (8). Since the above mutations were 
ineffective, we created double mutations at position 59-60, 60-61 and 59-61 with Ala 
respectively. Results showed that the double mutants were partially ribosome 
incorporation defective. This intriguing result made us perform triple substitutions at 
position 59-60-61 with Ala (R-K-R-59-60-61-A-A-A) with the intent to abrogate 
ribosome incorporation.  
We also substituted Arg at position 68 with Ala (R-68-A) and studied its 
ribosome incorporation ability. The mutant L13a proteins were not visible in the 
translationally active polyribosome fractions thus showing an essential function of Arg at 
position 68 and Arg-Lys-Arg at position 59-60-61 in the process of ribosome 
incorporation. In addition, the double and the triple mutations were performed at Arg-
Lys-Lys-Lys at position 169-170-171-172 amino acid residues. This domain was 
predicted by RNABindR as a potential RNA binding domain Fig (6D). In the double 
mutant, Arg and Lys at position 169 and 172 respectively have been mutated to Ala. In 
the triple mutant, Arg-Lys-Lys at position 169-170-171 respectively have been mutated 
to Ala (R-K-K-169-170-171-A-A-A). Result presented in Fig 8(A) shows that these 
mutations in the residue expanding from 169-172 retain the ability of the double and 
triple mutants for ribosome incorporation thus showing this domain may not have a role 
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in ribosome incorporation. Together these studies show the essential role of Arg at 
position 68 and Arg-Lys-Arg at position 59-60-61 in ribosome incorporation activity of 
L13a.  
While performing our next series of studies that was based on the results obtained 
in Fig (8) which showed that R-68-A was ribosome incorporation defective, we 
hypothesized that replacing Arg with Lys may not show any defect in ribosome 
incorporation because of the compensation of the positive charge of Arg with Lys. To test 
this possibility, we mutated Arg at position 68 to Lys (R-68-K) and checked the ribosome 
incorporation activity by resolving the polyribosome from R-68-K mutant L13a 
transfected cells. 
 
The positive charge of Arg 68 is not required for ribosome incorporation activity of 
L13a 
 
Figure 9.  Substitution of Arg at position 68 with Lys results in defective ribosome incorporation of L13a. HEK293T 
cells were transfected with the plasmid expressing the mutant FLAG‐tagged R‐68‐K L13a. Following overnight 
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transfection, the cell lysates were subjected to density sucrose gradient on 10‐50% sucrose. Fractions collected 
through continuous UV monitoring were TCA precipitated to concentrate the total protein. The total protein was 
subjected to immunoblot analysis with anti‐FLAG antibody.   
Results obtained in Fig (8) showed that substitution of the Arg residue with Ala 
abrogates ribosome incorporation, thus implying the importance of Arg at position 68 
during the process of ribosome incorporation of L13a. This result motivated us to test the 
requirement of the positive charge of Arg in the ribosome incorporation mechanism. In 
contrary to our expectations, results presented in Fig (9) showed that the mutation causes 
defective ribosome incorporation, thus arguing strongly that positive charge of Arg 68 
may not be required for ribosome incorporation. It is possible that the backbone of Arg 
may be more important than the positive charge to support the interaction with rRNA 
required for ribosome incorporation. 
Arginine Lysine
Structure of Arginine and Lysine amnio
acid residues
 
Figure 10.  Structure of Arginine and Lysine amnio acid residues. 
 
We found that there is a significant difference in the structures of the two amino 
acids. For example, there are two extra amino groups in the Arg amino acid residue with 
a total of four amino groups whereas, there are only two amino groups present in the Lys 
residue. We speculate that the presence of the two extra amino groups in the Arg residue 
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might favor its association with the rRNA that helps in ribosome incorporation of L13a. 
Our results predict that the structure and not the positive charge associated with Arg 
positioned at residue 68 of human L13a might be important for the ribosome 
incorporation activity of L13a.  
 
 
 
Figure 11.  Ribosome incorporation defective R‐68‐A mutant showing high turnover rate. HEK 293T cells were 
transfected with the plasmid expressing FLAG tagged WT and or mutant R‐68‐A L13a. The transfected cells were 
treated with proteosome inhibitor Lactacystin (10µM) for a period of overnight. Lysates were prepared from the 
transfected cells and total protein was resolved by SDS‐PAGE followed by immunoblot analysis with Anti‐Flag 
antibody. The blot was later reprobed with anti‐actin antibody. 
 
We have compared the susceptibility to the proteosome mediated degradation 
between the ribosome incorporation defective and WT L13a. Cells expressing the 
incorporation defective R-68-A mutant and WT L13a were treated with proteosome 
inhibitor Lactacystin. The steady state level of the recombinant proteins was determined 
by immunoblot with anti-Flag antibody. The results presented in Fig (11) shows the 
steady state level of WT L13a remains unaltered when proteosome was inhibited by 
Lactacystin. However, the steady state level of the incorporation defective R-68-A 
mutant was significantly increased upon inhibition of proteosome. These results show 
that the incorporation defective L13a is destined for high turnover rate via proteosome 
mediated degradation.  
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Figure 12.  In vivo association with 28S rRNA was not observed with ribosome incorporation defective mutants. 
HEK 293T cells were transfected with plasmids expressing Flag tagged versions of WT, Y‐54‐G, R‐68‐A and R‐K‐R‐59‐
60‐61‐A‐A‐A mutant L13a respectively. The transfected cell lysates were immunoprecipitated with anti‐Flag coated 
agarose beads. L13a bound total RNA present in the immunoprecipitate was extracted with Trizol and subjected to 
RT‐PCR amplification with 28S specific primer. 
 
We have studied the in vivo association of WT L13a and different mutants with 
the 28S rRNA. The Flag tag version of WT, ribosome incorporation competent Tyr-54-
Gly (Y-54-G) and incompetent (R-68-A and R-K-R-59-60-61-A-A-A) mutant L13a were 
transfected into HEK 293T cells. The L13a associated total RNA was recovered from the 
immunoprecipitate and tested for the presence of 28S rRNA by RT-PCR using 28S 
specific primer. In consistence with the result obtained from ribosome incorporation 
studies Fig (8), we have found no association with 28S rRNA for the incorporation 
defective L13a mutants R-68-A and R-K-R-59-60-61-A-A-A respectively Fig (12). The 
validity or proof of principle for these association studies was shown by the association 
of WT L13a and the ribosome incorporation competent Y-54-G L13a mutant with 28S 
rRNA. Mock (anti-Flag coupled) and Flag WT L13a transfected lysates (non-coupled) 
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served as the controls. Also no amplified product was found in no RT lane, thus 
excluding the possibilities of genomic DNA contamination. On the other hand, equal 
efficiency of immunoprecipitation was confirmed by immunoblot analysis of the 
extracted protein using anti-Flag antibody (data not shown). 
3.2 Study of the Subcellular Localization of L13a During Ribosome Biogenesis 
Nucleolus the cellular site responsible for ribosome biogenesis contains multiple 
finer compartments (10). Nucleolin, an abundant nucleolar protein, has been widely used 
to monitor and locate nucleolus (28). One of the major goals of this study was to explore 
the relationship between ribosome incorporation activity of a r-protein and its localization 
within the nucleolus. In this study we have used WT L13a and ribosome incorporation 
competent mutant R-K-K-169-170-171-A-A-A and the ribosome incorporation defective 
mutants R-K-R-59-60-61-A-A-A and R-68-A to explore their relationship if any between 
ribosome incorporation and nuclear/nucleolar translocation ability using 
immunofluorescence studies. We have tested the ability of these proteins to translocate 
within the nucleolus by monitoring the DAPI stained nucleus. 
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Figure 13.  Colocalization of L13a and Nucleolin in the nucleolus. A549 cells were transfected with the plasmid 
expressing HA tagged WT L13a. Cells were fixed in methanol and permeabilized with Triton X. The cells were next 
incubated with primary antibodies against the HA tag and Nucleolin. Following primary antibody incubation, cells 
were washed in PBS and incubated with color conjugated secondary antibodies.  Nuclear staining was performed 
using DAPI. The cell nuclei were observed using a fluorescence microscope. 
 
Results presented in Fig (13) showed that L13a colocalizes with Nucleolin. The 
colocalization was monitored by the merge of the red and green colors. The red and the 
green signal merged to produce a yellow signal that denotes colocalization. The red 
signal is due to Alexafluor 594 dye. This dye was conjugated with the secondary 
polyclonal goat anti-rabbit antibody and supposed to recognize anti-Nucleolin primary 
antibody, thus labeling the endogenous Nucleolin. The green signal is due to Alexafluor 
488 dye. This dye was conjugated with the secondary polyclonal goat-anti-mouse 
antibody and supposed to recognize anti-HA primary antibody thus labeling the HA 
tagged recombinant L13a. The nuclei were stained with DAPI staining (Fig 13). Control 
un-transfected cells and those that have been probed with conjugated secondary 
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antibodies alone without the primary antibodies that showed no color, confirmed 
specificity. In the middle panel, an adjacent L13a un-transfected cell that revealed 
Nucleolin staining is also provided for comparison. We have used the same 
methodologies to test the localization of the ribosome incorporation competent and 
defective mutants within the nucleolus by monitoring their colocalization with the 
nucleolar marker Nucleolin (Fig 14 to Fig 16). 
3.2.1 Testing the translocation ability of the ribosome incorporation 
competent and defective mutants of r-protein L13a 
Studies involving ribosome incorporation assay shows that upon changing the 
amino acid of L13a Arg-Lys-Lys at position 169-170-171 to Ala-Ala-Ala, the resultant 
mutant protein (R-K-K-169-170-171-A-A-A) retains the ability to incorporate into the 
ribosome Fig (8). Results presented in Fig (14) shows that upon transfection of the HA 
tagged version of this mutant L13a clearly showed co-localization with Nucleolin within 
the DAPI stained nucleus. 
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Figure 14.  : L13a mutatnt R‐K‐K‐169‐170‐171‐A‐A‐A shows no defect in nucleolar localization. Cells were transfected 
with the HA tagged L13a mutant construct, followed by staining with anti‐HA (Green) and anti‐Nucleolin (Red) 
antibodies. The colocalization was shown by the merge of the green and red colors within the DAPI stained nucleus. 
 
In contrast, ribosome incorporation defective mutant L13a, R-K-R-59-60-61-A-
A-A, Fig (8) shows the failure of this protein to translocate in to the nucleus. Together, 
this study shows that these residues might have an essential role in nuclear localization. It 
is likely that failure of this mutant protein to incorporate in to the ribosome may be due to 
its failure to translocate into the nucleus. The mutant was retained in the cytoplasm in the 
vicinity of the nuclear periphery and failed to colocalize with Nucleolin in the 
nucleus/nucleolus, Fig (15) 
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Figure 15.  L13a mutant R‐K‐R‐59‐60‐61‐A‐A‐A failed to translocate to the nucleus. Cells were transfected with the 
above HA tagged L13a mutant construct, followed by staining with anti‐HA (Green) and anti‐Nucleolin (Red) 
antibodies. 
 
Interestingly, another ribosome incorporation defective mutant L13a, R-68-A, Fig 
(8) shows its ability to translocate into the nucleolus as evidenced by the colocalization 
with Nucleolin within the DAPI stained nucleus Fig (16). Although, this result shows that 
the mutant is successful in nucleolar transport, however, its presence disintegrates the 
nucleolar structure and shape. The nucleolar morphology is significantly disturbed 
leading to a deformed and irregular nucleolus that has lost its concrete shape, Fig (16). 
We anticipate that the R-68-A mutant may have trans-dominant negative function that 
could severely limit ribosome biogenesis. 
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Figure 16.  L13a mutant R‐68‐A translocates to the nucleolus but compromises nucleolar shape and structure. Cells 
were transfected with the above HA tagged L13a mutant construct, followed by staining with anti‐HA (Green) and 
anti‐Nucleolin (Red) antibodies. The colocalization was shown by the merge of the green and red color within the 
DAPI stained nucleus. 
 
Figure 17.  In vivo association of L13a with Nucleolin. Plasmids expressing Flag tagged version of WT, ribosome 
incorporation competent (R‐K‐K‐169‐170‐171‐A‐A‐A) and ribosome incorporation incompetent (R‐68‐A and R‐K‐R‐59‐
60‐61‐A‐A‐A) L13a constructs were transfected in to HEK293T cells. The lysates prepared from the transfected cells 
were  immunoprecipitated with anti‐Flag coated monoclonal beads. Total protein extracted from the 
immunoprecipitate was subjected to immunoblot analysis with anti‐Nucleolin Antibody. The blot was reprobed with 
anti‐Flag antibody. 
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Our immunofluorescence studies have already revealed the ability of L13a and its 
mutants to colocalize with Nucleolin Fig (13, 14, 16). In the current study, we addressed, 
the presence of an in vivo association between Nucleolin and L13a, if any. Results 
showed that WT, R-68-A and R-K-K-169-170-171-A-A-A are capable of interacting with 
Nucleolin (Fig 17). However, in consistence with the immunofluorescence result 
presented in Fig (15), the mutant R-K-R-59-60-61-A-A-A failed to show any in vivo 
association with Nucleolin (Fig 17) indicating that a failure to translocate in the nucleus 
originates from its inability to associate with endogenous nucleolin in vivo. Anti-Flag 
coupled beads and mock lysate (Flag un-transfected) served as our controls. The blot was 
also reprobed with anti-Flag antibody to confirm the presence of Flag proteins in the 
samples that were processed during the experiment. 
3.3 L13a associates with the methyl transferase protein Fibrillarin and is a 
component of the C/D box snoRNP complex 
Previous study published from our laboratory showed an essential role of L13a in 
rRNA methylation (34). Fibrillarin is a component of C/D box snoRNP. In eukaryotic 
cells, the Fibrillarin containing C/D box snoRNP is responsible for the methylation of 
rRNA in the DFC compartment of the nucleolus (33). On the basis of these observations, 
we hypothesized that L13a may be a part of the Fibrillarin containing snoRNP complex. 
Therefore we 1st tested the ability of L13a to translocate to the DFC compartment of the 
nucleolus.  
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Figure 18.  Colocalization of L13a and Fibrillarin in the nucleolus. Cells were transfected with HA tagged WT L13a 
followed by staining with anti‐HA (green) and anti‐Fibrillarin (Red). The colocalization was shown by the merge of the 
green and red color within the DAPI stained nucleus. 
 
Result presented in Fig (18) shows the colocalization of L13a and Fibrillarin. The 
colocalization denotes the merge of red and green signals that produced a yellow signal. 
The red signal is due to Alexafluor 594 dye. This dye was conjugated with the secondary 
polyclonal goat anti-rabbit antibody and supposed to recognize anti-Fibrillarin primary 
antibody, thus labeling the endogenous Fibrillarin. The green signal is due to Alexafluor 
488 dye. This dye was conjugated with the secondary polyclonal goat-anti-mouse 
antibody and supposed to recognize anti-HA primary antibody thus labeling the HA 
tagged recombinant L13a. The nuclei were stained with DAPI staining. Considering the 
previous results that shows Fibrillarin as a reliable marker of the DFC region of the 
nucleolus, this result also supports the fact that L13a translocates within the DFC region 
of the nucleolus. 
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Figure 19.  L13a mutant R‐K‐R‐59‐60‐61‐A‐A‐A failed to translocate to the nucleolus and shows colocalization with 
Fibrillarin in the cytoplasm. Cells were transfected with HA tagged L13a mutant R‐K‐R‐59‐60‐61‐A‐A‐A followed by 
staining with anti‐HA (Green) and anti‐Fibrillarin (Red). The colocalization was shown by the merge of the green and 
red color outside the DAPI stained nucleus, in the cytoplasm. 
 
Studies presented in Fig (8) and Fig (15) show the failure of the L13a mutant R-
K-R-59-60-61-A-A-A to incorporate into the ribosome and translocate to the nucleus, the 
site of ribosome biogenesis. In consistence with these findings, results presented in Fig 
(19) show that this protein co-localized with Fibrillarin, outside the nucleus in the 
cytoplasm and failed to translocate in the nucleus.  
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Figure 20.  L13a mutant R‐68‐A colocalizes with Fibrillarin in the nucleolus and disintegrates the nucleolar 
morphology. Cells were transfected with HA tagged L13a mutant R‐68‐A followed by staining with anti‐HA (Green) 
and anti‐Fibrillarin (Red). The colocalization was shown by the merge of the green and red color within the DAPI 
stained nucleus. 
 
On the other hand, results presented in Fig (16) clearly show the colocalization of 
this ribosome incorporation defective L13a mutant, R-68-A with Nucleolin (a marker of 
nucleolus) within the nucleolus and disintegration of the nuclear morphology. To 
understand the further details about its localization within the nucleolus, we have tested 
the co-localization of this mutant within the DFC compartment of the nucleolus using the 
marker protein Fibrillarin. Our results show the co-localization of this L13a mutant with 
Fibrillarin and deformation of the nucleolar shape Fig (20). DFC is the site for the 
assembly of the 90S pre-ribosome and rRNA modification (61). We anticipate that future 
studies might reveal the trans-dominant inhibitory function of this mutant L13a on 90S 
assembly and rRNA modification.  
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Figure 21.  Subcellular localization of HA tagged WT and R‐68‐A L13a mutant proteins after 40 hrs of post‐
transfection. Cells were transfected with HA‐tagged WT and or L13a mutant R‐68‐A followed by staining with anti‐HA 
(Green). The HA tagged WT L13a and its mutant R‐68‐A has been shown by the green color within and around the 
DAPI stained nucleus. 
 
During ribosome biogenesis, r-proteins are imported to the nucleolus where they 
assemble with the newly synthesized pre-ribosome. After successful execution of the 
processing steps, the nascent ribosome exits the nucleus and translocate to the cytoplasm. 
Using the ribosome incorporation defective mutant, we tested the ability of this protein to 
exit the nucleus. 40 hrs post transfection of HA-tagged WT L13a shows the clearance of 
the protein from the nucleus. However, using the same transfection system, the R-68-A 
mutant L13a shows complete inability to exit the nucleus Fig (21). Together, these results 
show that failure to incorporate this mutant protein into the ribosome may prevent its 
subsequent passage to the cytoplasm, thus being immobilized in the nucleus.   
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Figure 22.  Association of L13a with Fibrillarin is RNA dependent. Plasmid expressing Flag tagged WT L13a was 
transfected in to HEK293T cells. The transfected cell lysate was immunoprecipitated with anti‐Flag coated agarose 
beads. Total protein extracted from the immunoprecipitate was subjected to immunoblot analysis with anti‐Fibrillarin 
antibody. The blot was reprobed with anti‐Flag antibody. The RNA dependence of the association was tested by 
treating the transfected cell lysate with RNaseA before immunoprecipitation with anti‐Flag beads. 
 
Results presented in Fig (18) shows the co-localization of L13a with Fibrillarin in 
the DFC compartment of the nucleolus. Previously published results by others showed 
the potential role of Fibrillarin as a methyltransferase enzyme, catalyzing methylation of 
the precursor rRNA transcripts (33, 62). In addition, previous results from our laboratory 
showed the critical role of L13a in rRNA methylation (34). Therfore, we have performed 
biochemical studies to address the in vivo association of L13a with Fibrillarin. 
Considering the role of Fibrillarin containing C/D box snoRNP as a methyltransferase 
and the role of L13a in rRNA methylation, we hypothesize that L13a could be a 
component of Fibrillarin containing C/D box snoRNP. To test this hypothesis, we first 
asked, whether the association of L13a and Fibrillarin is RNA dependent. Results 
presented in Fig (22) shows treatment of the lysate with RNaseA completely abrogate the 
association between L13a and Fibrillarin. This result is consistent with the model that 
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shows Fibrillarin and L13a both may bind and or anchor with the same RNA, perhaps 
snoRNA. 
 
Figure 23.  L13a is a component of Fibrillarin containing snoRNP complex. Nuclear lysate prepared from HEK293T 
cells was immunoprecipitated with antibodies against m3G and m7G cap respectively. The immunoprecipitate was 
subjected to immunoblot analysis with anti‐ Fibrillarin and anti‐L13a antibodies respectively. RNA extracted from an 
aliquot of the immunoprecipitates was subjected to RT‐PCR with U15 snoRNA specific primers. The nuclear lysate was 
also immunoprecipitated with anti‐L13a and anti‐L28 antibodies respectively. The immunoprecipitates was subjected 
to SDS‐PAGE followed with immunoblot analysis with anti‐Fibrillarin antibody. RNA was extracted from an aliquot of 
the immunoprecipitate and subjected to RT‐PCR using primers specific to U15 snoRNA. 
 
To directly address the possibility, we have immunoprecipitated snoRNA using 
antibody against m3G cap. This strategy exploits the presence of m3G cap (not m7G cap) 
on the 5’ end of the snoRNA. Thus, we have performed immunoprecipitation using anti-
m3G cap antibody. The presence of endogenous Fibrillarin and L13a was detected in the 
anti-m3G cap immunoprecipitate through immunoblot analysis (Fig 23 Left panel). To 
test the presence of snoRNA in the anti-m3G immunoprecipitate, RNA was extracted 
from an aliquot of the same. RT-PCR of the extracted RNA using C/D box snoRNA U15 
specific primers detected its presence (Fig 23 left panel). The identity of the amplified 
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product was confirmed by sequencing. However, we were unable to detect any 
Fibrillarin, L13a and U15 snoRNA in the immunoprecipitate using anti-m7G cap 
antibody. Apart from snoRNA U15, we could not rule out the presence of many other 
C/D box snoRNAs such as U3, U8, U13, U14 and U16 in the L13a and Fibrillarin 
containing snoRNP complex. As a complementary approach, we further tested the 
association of L13a, Fibrillarin and U15 snoRNA. We have performed 
immunoprecipitation using an anti-L13a antibody. Our results showed the presence of 
Fibrillarin and U15 snoRNA in the anti-L13a immunoprecipitate (Fig 23, top right panel). 
As a control, no amplification product was observed in the RT-PCR using specific 
primers for H/ACA box snoRNA, e.g. U17 and U19 and another C/D box snoRNA U3 
(data not shown). In addition presence of U15 snoRNA and Fibrillarin was not detected 
in the immunoprecipitate obtained using anti-L28 antibody. Together these results 
suggest that U15 snoRNA may serve as an anchor between L13a and Fibrillarin and 
colocalize within the nucleolus. In addition these results present strong rationale for the 
role of L13a in the Fibrillarin containing C/D box snoRNP complex. 
3.4 Association of L13a with 90S Pre-Ribosome 
90S pre-ribosome is the site for rRNA processing and modification. Our previous 
result presented in Fig (23) showed the presence of L13a in the Fibrillarin and snoRNA 
containing C/D box snoRNP complex. Together these results encourage us to test 
whether L13a could incorporate into the 90S pre-ribosome during ribosome biogenesis. 
In this context, we also wanted to test whether the defect in ribosome incorporation of the 
R-68-A L13a mutant emerges from its inability to incorporate into the 90S pre-ribosome. 
HEK 293T cells were transfected by Flag-tagged WT L13a and or R-68-A L13a mutant. 
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Nuclei were isolated from the transfected cells, lysates were made and pre-ribosomal 
subunits of pre-40S, pre-60S and 90S were resolved by sucrose gradient centrifugation. 
 
Figure 24.  L13a incorporates into 90S precursor ribosome during ribosome biogenesis. HEK 293T cells were 
transfected with plasmids expressing Flag tagged version of WT and mutant R‐68‐A. The nuclei were isolated from the 
transfected cells and lysates made were subjected to 10‐40% density sucrose gradient centrifugation. Fractions were 
collected through continous UV monitoring followed by TCA precipitation to harvest the total protein. The total 
protein was subjected to immunoblot analysis with anti‐Flag antibody. The authencity of the 90S pre‐ribosome was 
confirmed by RT‐PCR analysis of the RNA extracted from the 90S fraction using primers specific for the 5’ETS and 18S 
regions respectively. 
 
The Flag-tagged L13a was monitored across the gradient using anti-Flag antibody 
through immunoblot analysis. The authenticity of the 90S fraction was checked by RT-
PCR using primers specific for 18S and 5’ETS. An expected band size of 700 bp was 
obtained only from the sample processed from the 90S fraction. No product was obtained 
from the RNA sample processed from the 80S fraction due to the absence of the 5’ETS, 
Fig (24).  Result presented in Fig (24) also shows the incorporation of WT L13a into the 
90S pre-ribosome. However, in consistence with our previous results Fig (8) (12), the R-
68-A L13a mutant failed to incorporate into the 90S pre-ribosome. Together these results 
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concluded that incorporation of L13a takes place in the 90S pre-ribosome during 
ribosome biogenesis. 
3.5 Requirement of L13a For rRNA Methylation 
Results from the previous studies by others in yeast is consistent with the model 
that 2’-O-Ribose methylation may occur on the 90S pre-ribosome before its cleavage in 
the DFC component of the nucleolus and this process is driven by Fibrillarin containing 
box C/D snoRNP (43) (44) (45) (46). In consistence with this model, our results 
presented in Fig (23) (24) also uncover further details on this mechanism by identifying 
the role of L13a in the Fibrillarin containing C/D box snoRNP and its importance in 
rRNA methylation due to its association with the 90S pre-ribosomal subunit. However, in 
mammalian cells, there is no existence of direct evidence that shows 90S precursor 
ribosome as a site for rRNA methylation. Therefore, we have performed direct metabolic 
labeling of HEK293T cells using [3H] methyl methionine and monitoring the label in 
different pre-ribosomal RNA fractions. This experiment is based on our previous success 
in labeling the precursor rRNA by [3H] methyl methionine (34). Nuclei were isolated 
from the labeled cells and the pre-40S, pre-60S and 90S ribosomes were resolved and the 
radioactivity was monitored across the fractions. Results presented in Fig (25) shows the 
co-existence of the radioactive peak and the 90S peak in the same fractions thus showing 
the incorporation of the radioactivity in the 90S pre-ribosome. 
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Figure 25.  rRNA methylation occurs at the 90S pre‐ribosome. WT and cycloleucine treated HEK293T cells were pre‐
incubated in methionine free DMEM medium for 30 min and was pulse labeled with 50 µCi [3H] methyl methionine 
for an hour. Nuclear lysate obtained from the cells was subjected to 10‐40% sucrose gradient. Radioactivity 
incorporated into the pre‐ribosome fractions was determined by scintillation counting. 
 
Since Cycloleucine is an inhibitor of rRNA methylation, we checked whether the 
incorporation of the radioactivity in the 90S pre-ribosome fraction is sensitive to 
cycloleucine treatment. Our results presented in Fig (25) show complete abrogation of the 
incorporation of the radioactivity in the 90S pre-ribosome fractions, upon cycloleucine 
treatment. We have used this assay that shows the methylation of the 90S pre-ribosome 
fractions to understand the role of L13a in this process. 
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Figure 26.  Ribosomal RNA methylation at 90S pre‐ribosome is abrogated in L13a depleted cells. WT and L13a siRNA 
treated HEK293T cells were pre‐incubated in methionine free DMEM medium for 30 min and was pulse labeled with 
50 µCi [3H] methyl methionine for an hour. Nuclear lysate obtained from the cells was subjected to 10‐40% sucrose 
gradient. Radioactivity incorporated into the pre‐ribosome fractions was determined by scintillation counting. 
 
We used the nuclear extract prepared from L13a siRNA treated and [3H] methyl 
methionine labeled cells. In consistence with our previous results, that showed the 
requirement for L13a in rRNA methylation (34), results presented in Fig (26) clearly 
demonstrate that methylation of rRNA at 90S pre-ribosome requires L13a. Together these 
results suggest that L13a is a critical co-factor of Fibrillarin containing box C/D snoRNP 
complex responsible for the methylation of the 90S pre-ribosome during ribosome 
biogenesis.  
3.6 L13a Shows Incompetence in Associating With Mature 60S Ribosome  
The precise mechanism of how the pre-ribosomal particles move along the 
different compartments of the nucleolus, ultimately into the cytoplasm and how the 
different r-proteins are incorporated during this journey is currently unclear. An 
intriguing question in the field is whether the exposed sites of rRNA available to accept 
and support the dynamic interactions with different r-proteins remain available for those 
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proteins in the mature ribosomal subunits. Another physiological context of this question 
is the IFN-γ dependent release of r-protein L13a from the 60S subunit in the cytoplasm 
(4). It still remains unknown whether the L13a depleted 60S subunit in cytoplasm could 
accept new L13a protein molecules. 
To address this question, we have performed in vitro binding assay by incubating 
purified recombinant L13a with purified 60S ribosomal subunit. 
 
Figure 27.  L13a fails to bind to the mature 60S ribosome. 60S ribosome was isolated from WT HEK 293T cells 
following previously explained procedure. Purified, recombinant His‐tagged L13a was incubated with the purified 60S 
ribosome. The mixture was resolved using a 5‐25% sucrose gradient and the fraction corresponding to the 60S peak 
was collected through continuous UV monitoring.  The fraction was TCA precipitated and subjected to SDS‐PAGE 
followed with immunoblot analysis with anti‐His antibody.   
   
During the in vitro binding assay, we incubated the His-tagged L13a with the 
purified 60S ribosome isolated from HEK293T cells. The mixture was resolved by 5-
25% density  sucrose gradient and the 60S fraction was identified by continuous UV 
monitoring. To check the association of L13a with the 60S subunit, we have performed 
immunoblot analysis of the fractions corresponding to 60S ribosomal peak. Results from 
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the immunoblot analysis obtained in Fig (27) showed the absence of L13a in the 60S 
fractions. This result is consistent with the idea that mature 60S ribosomal subunit may 
not support the association of L13a. Our preliminary evidences show that L13a is 
incompetent in associating with the 60S ribosome after maturation.   
 
Figure 28.  L13a fails to bind to the mature 60S ribosome isolated from the L13a depleted cell. 60S ribosome was 
isolated from L13a abrogated HEK 293T cells following previously explained procedure. Purified, recombinant His 
tagged L13a was incubated with the purified 60S ribosome. The mixture was resolved using a 5‐25% density sucrose 
gradient and the fraction corresponding to the 60S ribosomal peak was collected through continuous UV monitoring.  
The fraction was TCA precipitated and subjected to SDS‐PAGE followed with immunoblot analysis with anti‐His 
antibody. 
 
Results presented in the Fig (27) have shown the inability of L13a to bind with 
the purified 60S ribosome. However, we speculate, that there could have been a 
competition between endogenous and the exogenous purified His-tagged L13a for 
associating with the mature 60S ribosome. We were aware of the possibility that 
endogenous L13a might already be bound to the 60S ribosome at its designated site. 
Hence, we performed a parallel set of experiment using mature 60S ribosome isolated 
from L13a depleted cells since 60S purified from the L13a abrogated cells would be a 
56 
 
better acceptor of the exogenous L13a. We incubated the His-tagged L13a with the 
purified 60S ribosome isolated from L13a depleted HEK293T cells. Results from the 
immunoblot analysis obtained in Fig (28) showed that the L13a protein could not support 
binding with 60S ribosome purified from the L13a depleted cells since L13a did not co-
purify with the 60S fraction. Our assumption is that L13a binds to the ribosome during 
maturation and is unable to associate with the matured fully formed 60S ribosome.   
Results from the in vitro binding assay of purified His-tagged recombinant L13a with 
purified mature 60S ribosomal subunit are presented in Fig (27) and Fig (28). These 
results show the inability of L13a to bind to the mature 60S subunit in in vitro binding 
assay. However, it is possible that the His tag may interfere with the binding of L13a with 
60S subunit. Although, our previous results presented in Fig (8) shows that tagging with 
Flag did not interfere with the ribosome incorporation activity of L13a, but the His 
tagged L13a has not been tested. To address this concern, we have tested the ability of 
His-tagged L13a to incorporate into the ribosome during new ribosome synthesis. 
 
Figure 29.  The His tag does not interfere with the ribosomal incorporation of L13a. HEK293T cells were transfected 
with the plasmid expressing His‐tagged L13a. Following overnight transfection, the cell lysates were subjected to 
density sucrose gradient on 10‐50% sucrose. Fractions collected through continuous UV monitoring were TCA 
precipitated to concentrate the total protein. The total protein was subjected to immunoblot analysis with anti‐His 
antibody.   
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HEK 293T cells were transfected with the plasmid expressing His tagged L13a. 
Ribosomal fractions were resolved from the transfected cell lysate by density sucrose 
gradient centrifugation. Total protein from different fractions was harvested by TCA 
precipitation followed by immunoblot analysis using anti-His antibody. Results presented 
in Fig (29) showed that the His-tag L13a was successful in incorporating into the 
translationally active heavier polyribosomal fractions. Thus, the inability of the His-
tagged L13a to bind to the mature 60S ribosomal subunit in in vitro binding assay Fig 
(27) and Fig (28) is not due to the interference from the His tag. Because the same His-
tagged protein was competent in the ribosome incorporation in the process of new 
ribosome synthesis. Together these results strongly argue in favor of the idea that after 
the synthesis, the L13a interaction site of the mature 60S subunit could be inaccessible 
towards the incoming L13a protein. 
3.7 Translational Silencing Competence of Ribosome Incorporation Defective 
L13a 
Series of previous studies from our laboratory has revealed the role of L13a in 
translational silencing of a cohort of cellular mRNAs encoding inflammatory proteins 
harboring GAIT element in the 3’UTR (2) (4) (7). These studies also identified the 
mechanism of L13a dependent translational silencing that is initiated by the release of 
L13a from the 60S subunit in response to IFN-γ (5) (6). However, the domain of L13a 
responsible for its role in the translational silencing activity of its target mRNAs 
harboring GAIT element is not known. Thus we have used the in vitro translation assay 
of the GAIT element containing reporter RNA and the ribosome incorporation defective 
58 
 
L13a mutant, R-68-A. We want to address whether the residue of L13a important for 
ribosome incorporation is also essential for its translational silencing activity. 
 
Figure 30.  Ribosome incorporation defective L13a retain GAIT element mediated translational silencing activity. 
Recombinant His‐tagged WT and mutants R‐68‐A and R‐K‐K‐169‐170‐171‐A‐A‐A L13a were expressed from the His 
tagged plasmid using baculovirus infected Sf9 cell expression system. The recombinant WT and mutant L13a proteins, 
chimeric RNA Cap‐Luc‐GAIT‐PolyA were added to the RRL in the presence of methionine‐free amino acid, RNasin and 
translation grade S35 methionine to a final volume of 50 µl for an hour at 30οC. An aliquote was resolved using 10% 
polyacrylamide gel. The gel was fixed. It was dried and finally radiolabelled bands were detected by autoradiography. 
 
The ability of these proteins to silence the translation of GAIT element containing 
reporter luciferase was tested in in vitro translation system using RRL. The translation of 
another reporter mRNA of T7 gene 10 without the GAIT element was used as a control 
for non specific inhibition. Result presented in Fig (30) shows that both of the mutants 
and WT L13a are equally competent to silence the translation of GAIT element 
containing reporter RNA, however, the translation of control mRNA without GAIT 
element remain unchanged. Together these results show that the domain of L13a 
responsible for ribosome incorporation is not required for the extra-ribosomal function of 
the protein, i.e. translational silencing of the GAIT element containing mRNAs. We also 
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anticipate that the L13a mutants R-68-A and R-K-K-169-170-171-A-A-A do not 
significantly alter the structure of the L13a protein because of the retention of its 
translational silencing activity. 
3.8 Ribosomal Location of L13a for IFN- γ Mediated Phosphorylation 
Previously published studies by our group have shown IFN-γ dependent release of 
L13a from the 60S ribosome as a prerequisite for its translational silencing activity (4). 
Studies by others also showed the phosphorylation of L13a by Death associated protein 
kinase-Zipper interacting protein kinase (DAPK-ZIPK) cascade at Ser 77 is critical for its 
release from the 60S ribosome (63). However, it is not known, whether the ribosomal 
location of L13a is a pre-requisite for IFN-γ mediated phosphorylation. We have used the 
recently generated two ribosome incorporation defective mutants, e.g. R-68-A and R-K-
R-59-60-61-A-A-A and one ribosome incorporation competent mutant Y-54-G as 
positive control to address this question. Cells were transfected with the Flag-tagged 
versions of these mutants followed by IFN-γ treatment for 0, 4 and 18 hrs. The IFN-γ 
induced phosphorylation of the proteins were detected by immunoprecipitation with anti-
Flag beads followed by immunoblot analysis using anti-phosphoserine antibody (Fig 31, 
upper panel). The extent of immunoprecipitation of the recombinant Flag-tagged protein 
was monitored by immunoblot using anti-Flag antibody (Fig 31, lower panel).   
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Figure 31.  L13a presence on ribosome is not needed for IFN‐γ mediated phosphorylation. U937 cells were 
transfected with plasmids expressing Flag‐tagged version of WT, Y‐54‐G, R‐68‐A and R‐K‐R‐59‐60‐61‐A‐A‐A using the 
revised protol of Nucleofection. The transfected cells were treated with IFN‐γ for 0, 4 and 18 hr respectively. Post 
incubation, the cells were lysed and the lysate was subjected to immunoprecipitation with anti‐Flag coated beads. 
The immunoprecipitate was subjected to SDS‐PAGE followed with immunoblot analysis with anti‐phosphoserine 
antibody. The blot was reprobed with anti‐Flag antibody. 
 
In consistence with our previous findings (4), results presented in Fig (31) shows 
the delayed phosphorylation only after 18 hr of IFN-γ treatment. In addition, these results 
also show IFN-γ dependent phosphorylation of the ribosome incorporation defective 
mutant L13a e.g. R-68-A and R-K-R-59-60-61-A-A-A. Together these results show that 
location of L13a on the 60S ribosome is not a pre-requisite for IFN-γ dependent delayed 
phosphorylation. 
Previous studies published by others showed that mutation of Ser 77 to Ala 
abrogates the IFN-γ dependent phosphorylation of the normal L13a protein located on the 
ribosome (63). However, it is not known whether additional Ser phosphorylation site of 
L13a may be exposed and available for IFN-γ mediated delayed phosphorylation for 
ribosome incorporation defective L13a. To address this question, we have mutated the 
Ser at position 77 in those ribosome incorporation defective mutants e.g. R-68-A and R-
K-R-59-60-61-A-A-A. In addition, we have also mutated Ser 77 in the recombinant WT 
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L13a and ribosome incorporation competent mutant Y-54-G. All L13a mutants were 
produced as Flag-tagged version of these proteins. Cells were transfected with these 
constructs followed by treatment with IFN-γ for 0, 4 and 18 hrs in order to induce 
phosphorylation. The IFN-γ induced Ser phosphorylation of the different recombinant 
L13a mutants were tested by immunoblot analysis of the anti-Flag immunoprecipitate 
with anti-phosphoserine antibody. 
 
Figure 32.  IFN‐γ mediated Ser‐phosphorylation on ribosome incorporation defective L13a is also restricted to 
position 77. U937 cells were transfected with plasmids expressing Flag‐tagged version of WT, S‐77‐A, Y‐54‐G + S‐77‐A, 
R‐68‐A + S‐77‐A and R‐K‐R‐59‐60‐61‐‐A‐A‐A + S‐77‐A using the revised protol of Nucleofection. The transfected cells 
were treated with IFN‐γ for 0, 4 and 18 hr respectively. Post incubation, the cells were lysed and the lysate was 
subjected to immunoprecipitation with anti‐Flag coated beads. The immunoprecipitate was subjected to SDS‐PAGE 
followed with immunoblot analysis with anti‐phosphoserine antibody. The blot was reprobed with anti‐Flag antibody. 
 
In consistence with our previous result and as a proof of principle of this assay, 
we could identify Ser phosphorylation of the WT L13a and absence of Ser 
phosphorylation where the Ser 77 has been changed to Ala on WT L13a. Similarly, no 
additional Ser phosphorylation was observed on the ribosome incorporation defective 
L13a mutants upon alteration of the Ser at position 77 to Ala Fig (32). Together these 
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results suggest the presence of no additional Ser residue other than Ser 77 on the 
ribosome incorporation defective L13a mutants available for IFN-γ mediated 
phosphorylation.  
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CHAPTER IV 
DISCUSSIONS 
The vital intracellular processes that include cell growth, division and death 
remain under “rigorous surveillance”. Cellular growth requires the synthesis of new 
proteins, a process that demands flourishing biosynthesis of ribosomes in the nucleolus. 
Synthesis of ribosome is a complicated multi-step intracellular process. It includes 
transcription, modification, rRNA processing, synthesis and nucleolar import of r-
proteins and several other trans factors that are together coordinated and assembled in the 
correct conformation to produce a functional ribosome. Since biogenesis of the ribosome 
is the principle function of the nucleolus, ribosome maturation requires constant 
availability of significant amounts of the biogenesis factors that is maintained in a 
coordinated fashion to safeguard the integrity of this cellular process.  Disruption of any 
of the facets of the ribosome maturation pathway can contribute to stress generation in 
the nucleolus that can trigger the activation of a stress response pathway that could affect 
the cell survival (64). Several r-proteins function as “vigilante” to patrol the stress 
response pathway. Mutations in r-proteins lead to disorders associated with ribosome 
biogenesis referred to as ribosomopathies (65). Inspite of being a fundamental cellular 
process, global view about this essential intracellular process in higher eukaryotic system 
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is severely limiting in the assembly, association and translocation of different core r-
proteins in the nucleolus to produce a functional ribosome. 
Our studies reveal a novel finding about a 60S ribosomal subunit protein L13a 
which shows that the protein associates with ribosome during biogenesis in the nucleolus. 
We believe that the findings presented in the dissertation will provide essential and 
critical information about ribosome biogenesis and serve as a platform to study the 
mechanism of incorporation of other r-proteins in mammalian ribosome. This study will 
also generate new directions to explore the assembly of other core r-proteins in the 
mammalian ribosome. The insight of ribosome biogenesis in the mammalian system is 
highly unexplored. The results furnished in this proposal can be considered as an initial 
step towards revealing the molecular mechanisms of this complex intracellular process. 
The RNA-protein interaction is critical for regulating the multistep intracellular process 
of ribosome biogenesis. Therefore, identifying the RNA binding domains of the proteins 
is a pre-requisite for deciphering the importance of the interaction associated with the 
cellular process (66) (67). 
Results presented in this dissertation relates to detailed molecular mechanisms 
associated with the ribosomal functions of L13a. In this proposal, we identified the 
domain of L13a that is required for ribosome incorporation and further details about its 
localization in the subcellular compartment during ribosome biogenesis. This study also 
uncovers significant insight in to the release mechanism of L13a from the mature 60S 
ribosome. The released L13a mediates extra-ribosomal function that includes 
translational silencing of a cohort of cellular mRNAs which harbors GAIT element in the 
3’UTR and encodes inflammatory proteins (4) (7). Thus, to study the mechanism of the 
65 
 
release of L13a from the 60S ribosomal subunit, we explored the domain of L13a that is 
responsible for associating with the rRNA, an integral component of the mature 
ribosome. 
As an initial approach, utilizing in silico predictions by homology modeling and 
RNABindR, a web based server, we identified two loop domains in the human L13a as 
putative RNA binding domains Fig (6D). Based on in silico studies which showed that 
Arg at position 68 is a high specificity RNA binding partner, we performed amino acid 
sequence alignment with the help of a bioinformatic server, ExPASy, to study the 
conservation of Arg at position 68 in the eukaryotic kingdom. Results presented in Fig 
(7) shows that the residue is highly conserved in the eukaryotic kingdom. However, in 
plant kingdom, we show, there is His at position 73 that corresponds to Arg at position 68 
in the human L13a and His at position 80 in the E. coli L13. We hypothesize that the 
presence of His instead of Arg at position 73 in the plant kingdom might have evolved 
due to divergence on the basis of evolution from prokaryotes to eukaryotes.  
For experimental validation, we performed ribosome incorporation assay to 
authenticate the sites predicted by in silico studies. We showed that L13a mutants R-68-A 
and R-K-R-59-60-61-A-A-A as ribosome incorporation defective proteins. Substituting 
Arg at position 68 and Arg-Lys-Arg at position 59-60-61 with Ala significantly abrogated 
the incorporation of r-protein L13a in the functionally active polyribosome fraction. Our 
results suggest the critical function of Arg at 68 and Arg-Lys-Arg at 59-60-61 in the 
process of ribosome incorporation activity of L13a Fig (8).  
We have also shown that the positive charge of Arg at position 68 is not critical 
for ribosomal incorporation of L13a. In contrast, the association of L13a with ribosome is 
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dependent on the backbone structure of the Arg at position 68. The side chain of Arg 
consists of 4 amino groups. On the other hand, for Lys, the side chain consists of 2 amino 
groups. It is possible that the presence of the 2 extra amino groups in the Arg residue 
facilitates association of L13a with rRNA which helps in ribosome incorporation Fig (9).  
Synthesis of ribosome is a conducive process where the efficiency of ribosome 
biosynthesis is achieved through a balanced supply of proteins and RNA. The r-proteins 
and accessory factors that are required for ribosome maturation are synthesized in the 
cytoplasm and are successively transported to the nucleolus, the site of ribosome 
biogenesis (13). However, there is no unique mechanism that would regulate the 
production of r-proteins in amounts that will be in equilibrium with the rRNA for 
ribosome biogenesis. However, there is certain intracellular process that would facilitate 
the cells to degrade excess and or dysfunctional r-proteins. Thus, any newly synthesized 
r-protein that is defective in ribosome incorporation or interferes with the assembly of the 
ribosome, is readily disposed of by the cell utilizing the ubiquitin-proteosomal 
degradation  pathway (68).  
According to previously published results, there is a tentative role of the 
ubiquitin-proteosome system in ribosome synthesis (69). Proteosomes are responsible for 
degrading the defective protein in cells. Supporting evidences show that inhibiton of 
proteosome causes multiple failures at the level of nucleolus. In consistence with these 
studies, we have showed that the steady state level of the ribosome incorporation 
defective R-68-A L13a mutant protein is very high when the proteosome is inhibited by 
the inhibitor Lactacystin Fig (11).  
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Ribosome synthesis involves the assembly of the precursor ribosome in the 
nucleus and subsequent export of the mature ribosome to the cytoplasm. The assembly 
and transport of the ribosome requires a precise association of the rRNA with the r-
proteins and other non-ribosomal biogenesis factors (70). We have demonstrated here 
with the help of RNA immunoprecipitation assay that L13a associates with 28S rRNA, 
the building block of 60S ribosome. On the contrary, ribosome incorporation defective 
mutants R-68-A and R-K-R-59-60-61-A-A-A are unable to associate with the same. Once 
again our results indicate the significance of Arg at position 68 and Arg-Lys-Arg at 
positions 59-60-61 as critical residues that are essential for association with the mature 
60S ribosome Fig (12). 
The synthesis of ribosome is fundamental for cellular metabolism and depends on 
correct structural organization of the nucleolus, the focal point of ribosome biogenesis. 
Nucleolus has dedicated sites for the assembly of the precursor rRNA along with the r-
proteins and other non-ribosomal auxilliary factors that are subjected to immense 
remodeling before escaping the nuclear confinement and proceeding towards final 
maturation in the cytoplasm (9) (11). After undergoing successive stages of processing 
and modifications in the nuclear subcompartments, the pre-ribosomal subunits are 
exported out of the nucleus in an energy dependent and factor mediated process (71). We 
hypothesized that compartmentalization of this protein within the nucleolus could be 
essential for incorporation in to the ribosome. In consistence with our hypothesis, these 
studies also uncovered the location of L13a within the nucleolar compartments and the 
subsequent association with other nucleolar proteins essential for ribosome biogenesis. 
We have shown with the help of immunofluorescence studies that L13a translocates into 
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the nucleolus and colocalizes with Nucleolin, a nucleolar abundant protein Fig (13). 
Nucleolin is a nucleolar abundant protein that actively participates in rDNA transcription 
and processing and has been shown previously by other groups that the protein also 
shuttles between nucleolus and nucleoplasm (26) (27) (28) .  
Our studies also show that L13a mutant R-K-R-59-60-61-A-A-A is incompetent 
in translocating to the nucleus and is localized in the cytoplasm indicating the mutant is 
ribosome incorporation defective due to its inability to translocate to the nucleus Fig (15). 
Although the mutant is nuclear translocation incompetent, the mutated amino acid 
residues are not a part of a potential nuclear localization signal (NLS). We have tested 
this with the help of a web based automated tool known as PredictNLS 
(http://www.predictprotein.org/). According to PredictNLS, L13a harbors a potential NLS 
sequence within a stretch of 14 amino acid residues that expand from Lys at position 158 
to another Lys at position 171. In contrary to the above mutant, our studies showed that 
the L13a mutant R-68-A that is also ribosome incorporation defective is successful in 
translocating to the nucleolus but exerts a trans-dominant negative effect on the 
nucleolus. The mis-incorporated protein alters the nucleolar morphology Fig (16). On the 
other hand, ribosome incorporation competent L13a mutant R-K-K-169-170-171-A-A-A 
successfully translocated to the nucleolus without compromising the nucleolar shape, Fig 
(14).  
Nucleolin actively participates in ribosome biogenesis, due to its ability to interact 
with rRNA and several core r-proteins (27) and also functions in the preliminary stages of 
ribosome maturation (27). In the current studies we have revealed the association of L13a 
with Nucleolin. In addition, the studies show the ribosome incorporation defective 
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mutants R-68-A and R-K-K-169-170-171-A-A-A retains its ability to bind endogenous 
Nucleolin. However, the nuclear translocation defective mutant R-K-R-59-60-61-A-A-A 
cannot bind Nucleolin. Thus failure to bind Nucleolin might limit its translocation to the 
nucleolus thereby preventing its incorporation into the mature ribosome. Together these 
studies show that ability to bind Nucleolin may dictate the fate of nuclear localization of 
a r-protein, however may not be sufficient for ribosome incorporation activity, Fig (17). 
Our studies also pinpoint the subnucleolar location of L13a in the DFC 
compartment of the nucleolus. The DFC region is the dedicated site for the synthesis of 
90S pre-ribosome and its modifications (9) (10) (11). The location of L13a in the DFC 
region, the site for rRNA modification is consistent with our previous result showing its 
requirement for rRNA modification (34). Previous results have shown that Fibrillarin is 
an integral component of the C/D Box snoRNP complex that primarily functions as a 
methyltransferase mediating rRNA processing in the DFC region of the nucleolus (72) 
(73). These results motivated us to test whether L13a could co-localize with Fibrillarin 
within the nucleolus and the existence of any physical association between these two 
proteins. Our studies show, Fig (18), colocalization of L13a with Fibrillarin, the marker 
protein for DFC region. As expected, the nuclear translocation defective L13a mutant, R-
K-R-59-60-61-A-A-A fails to colocalize with Fibrillarin in the nucleolus due to its 
inability to translocate to the nucleus Fig (19). However, the ribosome incorporation 
defective L13a mutant, R-68-A also shows colocalization but severely compromises the 
nucleolar morphology Fig (20). These results strongly support the idea that mere 
localization of r-protein in the DFC is not sufficient for ribosome incorporation and 
misincorporated r-protein could have deleterious consequences. The morphology of the 
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nucleolus can be connected with different stages of ribosome biogenesis which includes 
ribosomal gene mappings, sites of transcription, precursor rRNAs at diverse stages of 
processing, r-proteins along with the nucleolar marker proteins and RNP complexes (61) 
(74) (75). Thorough nucleolar morphological information corresponding to the steps in 
rRNA processing and ribosome synthesis is missing inspite of being a very fundamental 
question with regards to the location and processing of active ribosomal genes that has 
been a debatable topic for over 20 long years now. The results obtained with the mutant 
R-68-A might demonstrate a significant potential of the mutant to alter nucleolar 
morphology which is an effect of a mis-incorporated r-protein that can disrupt the basic 
steps of ribosome maturation, thereby failing to associate with the ribosome.  
Supporting evidences from biochemical studies revealed an RNA dependent 
association between L13a and Fibrillarin Fig (22). We have also shown that L13a and 
Fibrillarin is a component of snoRNP complex and that U15, a member of the C/D box 
snoRNA functions as an achor for the association between Fibrillarin and L13a Fig (23). 
Our results establish strong rationale for the translocation of L13a in the nucleolus and its 
consequences in rRNA methylation, a critical step in ribosome biogenesis.  
The eukaryotic cell needs a gigantic machinery to synthesize ribosome. It begins 
with the 90S pre-ribosome which serves as a chaperone that actively participates in 
making the pre-rRNA accessible to successive cleavages and processing modifications 
that are essential preliminary stages of ribosome biogenesis (76). One of the 
modifications include, methylation of rRNA which is mediated by box C/D snoRNPs in 
the 90S precursor ribosome within the DFC compartment of the nucleolus where the 
protein Fibrillarin has been postulated as a methyltransferase of snoRNP (77). Previous 
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supporting evidences by our laboratory have shown the RNAi mediated abrogation of 
L13a in mammalian cell leads to significant defect in rRNA methylation (34) and 
findings from this proposal also show that L13a and Fibrillarin are integral components 
of the C/D box snoRNP complex Fig (23). Here, we have shown that L13a associates 
with the 90S pre-ribosome. Results obtained using the L13a mutant R-68-A interestingly 
showed that the same mutant is unable to associate with the 90S pre-ribosome, indicating 
that defective ribosome incorporation is associated with its inability to incorporate into 
the 90S pre-ribosome in the nucleolus Fig (24).  
The eukaryotic rRNA is subjected to two kinds of nucleotide modifications which 
include 2’ O- ribose methylation and pseudouridylation where the nucleotides in the 
nascent rRNA modified by the respective methyltransferase and pseudouridine synthatase 
are precisely selected inspite of no recognizable similarities in the sequence or the 
secondary structure of the transcript (51) (33). These modifications play an indirect role 
in the assembly of the eukaryotic ribosome and help in fine tuning the structure and 
function of the ribosome (78). However, recent studies by others have shown that 
alteration in these processing mechanisms might directly be correlated with onset of 
cancer (79). Using mammalian cell model, we have precisely monitored rRNA 
methylation during ribosome biogenesis. In these studies, we have metabolically labeled 
HEK 293T cells with [3H] methyl methionine and monitored its incorporation into 
different pre-ribosomal particles. Our studies identified 90S pre-ribosome as a target for 
rRNA methylation activity, Fig (25). In consistence with these results, we have 
previously identified L13a as an essential factor for rRNA methylation (34) and also its 
association with 90S pre-ribosome, Fig (24). In addition, L13a depleted cells show 
72 
 
abrogation of rRNA methylation in 90S, Fig (26). Together these studies identified a 
novel function of L13a in the methylation of 90S pre-ribosome during ribosome 
biogenesis.  
The prevalence of pre-ribosome in the form of discrete particles in eukaryotic 
ribosome maturation has been studied using yeast cells as model systems. A thorough 
delineation of the pre-ribosomal complexes has evolved very recently due to large scale 
identification of protein through mass spectrometry and the high-throughput 
characterization of protein complexes in yeast that have provided a comprehensive source 
of resources and have rendered a global view of the molecules that incorporate with the 
pre-ribosomal particles (80) (81) (82) (83). Until recently, several ribosomal and non-
ribosomal proteins have been detected in large RNP complexes to be associated with the 
precursor ribosome during maturation.  
Although, there is available information about the assembly of the pre-ribosomal 
particles, it is still under the veil if and whether the exposed sites of rRNA remains 
available to serve as a platform for the dynamic interaction with the r-proteins in the 
mature ribosomal subunits that has undergone the required successive modifications. 
Here, we have shown that L13a is incapable of associating with mature 60S ribosome. 
We had isolated mature fully formed 60S ribosome from L13a depleted cells and 
performed in vitro binding assay with purified recombinant L13a. Our results showed 
that the 60S ribosome extracted from L13a depleted cells are unable to accept the 
recombinant L13a, Fig (27) and (28). 
Several series of studies conducted by our laboratory previously has shown the 
function of L13a in translational silencing of a cohort of cellular mRNAs that are 
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encoding inflammatory proteins. These cellular mRNAs are a target to L13a mediated 
translational silencing due to the presence of the GAIT element present in the 3’UTR of 
the transcripts (7) (4) (5). Although, the mechanism of translational silencing have been 
studied in details, the domain of L13a that is responsible for its translational silencing 
activity of the target mRNAs harboring GAIT element was unknown. Recently, we tried 
addressing in our studies if the domain of L13a that is responsible for ribosome 
incorporation is also essential for its translational silencing activity. Our results showed 
that the domain of L13a that functions in ribosome incorporation is not required for the 
extra-ribosomal function of the protein i.e. translational silencing of the GAIT element 
containing mRNAs (Fig 30). 
Phosphorylation and the release of L13a from the 60S ribosome are the two pre-
requisites for the translational silencing activity of L13a (4). Studies by others have 
already shown the involvement of the DAPK-ZIPK cascade in phosphorylating the Ser 
residue at position 77 of the L13a protein that is essential for its release from the 60S 
ribosomal subunit (63). However, till date it was not known, if the ribosomal location of 
L13a is essential for IFN-γ dependent phosphorylation. Our results demonstrate that the 
positioning of L13a on the 60S ribosome is not necessary for IFN-γ mediated 
phosphorylation (Fig 31) and subsequently we have also shown that the Ser residue 
positioned at 77 is the one and only unique site responsible for phosphorylation in the 
ribosome incorporation competent and incompetent L13a mutants, Fig (32).  
Homology modeling of L13a also shows the proximity of IFN-γ mediated 
phosphorylation site at Ser 77 with Arg at position 68 present in the extended loop. This 
lead us to hypothesize that phosphorylation at this residue at Ser 77 may directly 
 influence the positive charge of Arg at position 68 and Arg
causing conformational changes in L13a and its association with rRNA. We presume that 
the identification of Arg at position 68 as a putative residue responsible for rRNA 
association for the release of L13a by IFN
future, it will be interesting to see whether phosphomimetic mutation of Ser 77 to Asp 
might influence the rRNA association.
 
Figure 33.  Prediction of the site of Ser at position 77 in the human L13a
 
Findings from the current research that has been presented here shows the 
functional importance of L13a during ribosome maturation. We also present here for the 
first time that the ribosomal and extra
and is independent of each other. Previously it has been shown by different groups, the 
critical importance of r-protein L16A and L16B in yeast cellular growth
L16B are homologue of mammalian r
proteins only differ in the respective amino terminals due to the presence of 10 different 
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amino acids. The amino terminal is responsible for large ribosomal subunit RNA 
association and hence it is presumed that exquisite difference in the maturation of rRNA 
mediated by RPL16A and RPL16B association could serve as a platform that would lead 
to the interaction of diverse biogenesis components that would significantly bestow 
different ribosomal function. Recently, it has been shown that deletion and or null 
mutation of the gene encoding RPL16A and or RPL16B markedly deplete the pool of 
free 60S ribosomal subunits in comparison to the 40S ribosome indicating that the RPL16 
proteins are actively involved in the mechanisms associated with large ribosomal subunit 
synthesis (84).  
In contrast to yeast, our previous results and the present studies show that 
depletion of L13a (the mammalian homolog of yeast L16 proteins) has essentially no 
effect on ribosome function and or cell viability (34). We have also shown that Arg at 
position 68 and Arg-Lys-Arg at position 59-60-61 in the human L13a ORF as critical 
residues that are required for the association with 60S ribosomal subunit rRNA which 
facilitates the ribosome incorporation activity of L13a. However, substitution of these 
basic amino acid residues lead to significant defect in ribosome association for which a 
likely assumption would be, that the mutations in L13a would tend to result in a failure of 
L13a to associate and or interact with RNA and or other secondary auxiliary factors that 
associate with RNA that are essential for ribosome assembly.  
Also, we have shown that L13a translocates in the nucleolar confinement and is 
capable of associating with ribosome during biogenesis and subsequently exits the 
nucleolar territory as a component of the 60S ribosomal subunit. In the nucleolus, at the 
DFC region which is the site of the formation of the 90S pre-ribosome, we have shown 
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here that L13a incorporates in the precursor ribosome. We assume that association of 
L13a at the level of 90S pre-ribosome is essential for L13a to be an inherent component 
of the 60S mature subunit since pre-ribosomal association of L13a might strengthen its 
interaction with ribosomal and or non-ribosomal assembly factors that associate in a step-
wise manner with the pre-ribosome to confer the proper folding of the mature ribosome. 
We hypothesize a defect in pre-ribosome incorporation would naturally limit the transient 
and or stable association of L13a with these biogenesis factor thereby leading to 
ribosome biogenesis deregulation.  
In our further studies, we have also shown that L13a associates with nucleolar 
proteins such as, Nucleolin and Fibrillarin (proteins participating in different stages of 
ribosome maturation) and both the above mentioned nucleolar non-ribosomal proteins are 
inherent components of the pre-ribosomal complex in the nucleolus, thus indicating that 
L13a undergoes transient association with non-ribosomal factors that is critical for pre-
ribosomal incorporation. L13a also forms an integral component of Fibrillarin containing 
snoRNP complex to participate in the rRNA methylation that happens in the 90S pre-
ribosome. This result is consistent with our previous studies that show the essential role 
of L13a in efficient rRNA methylation (34). Although snoRNA is not an integral 
component of mature ribosome, since it is released from the pre-ribosomal subunit, once 
it has successfully modified the target rRNA, but its association with L13a is one of the 
pre-requisites for the formation of a correctly folded ribosome.  
The function of different r-proteins along with L13a in higher eukaryotic family 
has evolved and is not just restricted to the ribosomal essence. Studies previously with 
other r-proteins have shown that several r-proteins such as L7, L11 and L23 have extra-
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ribosomal functions where they have been shown to interact and associate with the 
Mdm2-p53 intracellular signaling cascade and activate stress-response pathway required 
to balance the cell survival and death (64). Previous parallel studies have shown the 
extra-ribosomal importance of L13a where L13a functions to catalyze transcript specific 
translational silencing of inflammatory genes to resolve inflammation (4). Here, in our 
present studies, we have explored the inter-dependence of the ribosomal and extra-
ribosomal functions of L13a and have shown that the domain responsible for ribosomal 
function is not responsible for extra-ribosomal function due to the ability of the ribosome 
incorporation defective L13a to silence the translation of the mRNA that harbors a GAIT 
element in the 3’UTR thus confirming that ribosome incorporation and translation 
silencing is not mutually dependent on each other.   
The other important aspect of L13a dependent extra-ribosomal function of 
translational silencing of GAIT element harboring target mRNA involves 
phosphorylation of L13a on Ser at position 77. Using our ribosome incorporation 
defective proteins, we have also shown that the defective proteins are also undergoing 
phosphorylation required for extra-ribosomal function thus concluding that ribosomal 
location of L13a is not required for translational silencing thereby delineating the two 
intracellular processes as mutually exclusive. 
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CHAPTER V 
CONCLUSIONS 
Studies in the field of ribosome biogenesis in the higher eukaryotic organisms 
have been pretty much unexplored. Intensive research has been carried out to study the 
maturation of ribosome in the yeast model system. However, a lot of additional research 
studies pertaining to the biogenesis of ribosome in the higher mammalian system are still 
on its way. There is a lot of room for conducting several path breaking science to 
understand ribosome biogenesis in the higher eukaryotes. We have tried to decipher 
certain dimensions of this highly complex cellular process of ribosome maturation with 
the help of in vitro studies where human cell lines and r-protein L13a have been utilized 
to open the knobs of this intracellular process.  
Results obtained from the cumulative studies that were conducted during this 
work are novel and demonstrates some of the fundamental stages of ribosome biogenesis. 
Our studies conclude that Arg at position 68 and Arg-Lys-Arg at position 59-60-61 in the 
human L13a are critical amino acid residues that are essential for ribosomal incorporation 
activity of L13a where the Arg at position 68 is highly conserved in the eukaryotic 
kingdom. We also conclude that L13a translocates from the cytoplasm to the nucleolus, 
the site of ribosome biogenesis. However, the ribosome incorporation defective L13a 
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mutant, R-68-A is capable of translocating to the nucleolus but exerts substantial trans-
dominant negative effect that alters the nucleolar morphology. In contrast, the other 
ribosome incorporation defective L13a mutant, R-K-R-59-60-61-A-A-A fails to 
translocate to the nucleus, thereby providing a strong rational for its defect associated 
with ribosome incorporation. We also show that although L13a and its ribosome 
incorporation competent and defective mutants associate with endogenous Nucleolin, the 
mutant R-K-R-59-60-61-A-A-A, is incapable of associating with the same, thereby 
concluding that, association with Nucleolin might govern the fate of nuclear localization 
of a r-protein, however might not be sufficient for ribosome incorporation activity.   
In the nucleolus, L13a specifically compartmentalizes in the DFC region and 
associates with the 90S pre-ribosome machinery. The functional significance of the 
association of L13a with the 90S precursor ribosome is primarily due to the active 
involvement of L13a in rRNA methylation modification process. We have shown that the 
methylation of the rRNA transcript occurs in the 90S pre-ribosome. The protein 
Fibrillarin that is a member of the C/D box snoRNP complex functions as a 
methyltransferase, thereby methylating the premature transcript in the 90S pre-ribosome. 
 Our model protein L13a interacts with the Fibrillarin containing C/D box 
snoRNP complex, where U15 snoRNA, a member of the C/D box snoRNP complex 
functions as an anchor for the interaction of L13a with Fibrillarin, thereby supporting the 
functional significance of L13a in mediating rRNA methylation activity. However, 
although L13a associates with the precursor ribosome during maturation in the nucleolus, 
it fails to associate with the mature ribosome, once the ribosome has undergone 
successful and correct structural conformation. As enlisted in this dissertation, L13a 
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associates with pre-ribosome in the nucleolus during maturation and participates in rRNA 
processing in the DFC region of the nucleolus. However, for future research, detailed 
study of the association of other r-proteins with the ribosomal particle is required due to 
its inherent importance in the onset of human malignancies such as cancer. 
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Figure 34.  A pictorial representation of the ribosomal and extra‐ribosomal functions of L13a. Ribosomal protein 
L13a translocates in the DFC region of the nucleolus to associate with the 90S precursor ribosome to actively 
participate in the rRNA methylation. L13a exits the nucleolar confinement as a member of the 60S pre‐ribosomal 
subunit and in the cytoplasm, L13a remains an integral component of the pre‐ribosome that undergoes final stages of 
maturation to synthesize mature 60S ribosomal subunit. The 60S bound L13a in the cytoplasm is phosphorylated and 
released from the ribosome in response to IFN‐γ. The released phosphorylated L13a associates with the GAIT complex 
to silence the translation of the mRNA that harbors GAIT element in the 3’ UTR and encodes inflammatory proteins. 
(The nucleolus has been drawn on a relative scale). 
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